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Paresthesias are spontaneous or evoked abnormal sensations of tingling, burning, 
pricking, or numbness of a person’s skin with no apparent long-term physical effect. 
Patients generally describe a lancinating or burning pain, often associated with 
allodynia and hyperalgesia. The manifestation of paresthesia can be transient or 
chronic. Transient paresthesia can be a symptom of hyperventilation syndrome or 
a panic attack, and chronic paresthesia can be a  result of poor circulation, nerve 
irritation, neuropathy, or many other conditions and causes. This book is written by 
authors that are respected in their countries as well as worldwide. Each chapter is 
written so that everyone can understand, treat and improve the lives of each patient.
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Paresthesias are spontaneous or evoked abnormal sensations of tingling, burning, 
pricking, or numbness of a person's skin with no apparent long-term physical effect. 
Patients generally describe a lancinating or burning pain, often associated with 
allodynia and hyperalgesia. The manifestation of paresthesia can be transient or 
chronic. Transient paresthesia can be a symptom of hyperventilation syndrome or a 
panic attack, and chronic paresthesia can be a result of poor circulation, nerve 
irritation, neuropathy, or many other conditions and causes.  
In older individuals, paresthesia is often the result of poor circulation in the limbs. It 
can also be a symptom of vitamin deficiency and malnutrition, as well as metabolic 
disorders like diabetes, hypothyroidism, and hypoparathyroidism, and irritation to the 
nerve can also come from inflammation of the tissue. Joint conditions, such as 
rheumatoid or psoriatic arthritis, and carpal tunnel syndrome are also common 
sources of paresthesia. Another cause of paresthesia, however, can be direct damage to 
the nerves. 
The basic pathophysiology of paresthesias is an altered nerve or nerve pathway 
function. Paresthesias are thought to represent abnormal showers of impulses 
generated from an ectopic focus, and can arise from an abnormality anywhere along 
the sensory pathway, from the peripheral nerves to the sensory cortex. Paresthesias 
can also be caused by central nervous system or peripheral nervous system 
abnormalities; central nervous system causes include ischemia, obstruction, 
compression, infection, inflammation and degenerative conditions. Peripherally 
induced paresthesias can be caused by entrapment syndromes, metabolic 
disturbances, trauma, inflammation, connective tissue diseases, toxins, hereditary 
conditions, malignancies, nutritional deficiencies and other miscellaneous 
conditions. Confirming the diagnosis and establishing an etiology may require 
appropriate laboratory and radiologic studies, or possibly other studies as well.  
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Pathophysiology of Paresthesia 
Ibrahim Al Luwimi, Ahmed Ammar and Majed Al Awami 
Department of Neurosurgery and General Surgery, 
Cardiothoracic and Vascular Division College of Medicine, University of Dammam, 
Kingdom of Saudi Arabia 
1. Introduction  
Neuropathic pain arises from a lesion in the somatosensory system, which includes 
peripheral nerves, spinal dorsal horn, ascending projection tracts, thalamus, the 
somatosensory cortex and other pain- processing brain region. Patients with neuropathic 
pain have neurosensory defecits as a consequence of their direct neural injury with 
positivesensory phenomena (i.e., hyperalgesia, allodyneia, dysthesia and paresthesia). 
Paresthesia is a variety of neuropathic pain arises as a spontaneous and abnormal sensation. 
The problem may arise from an abnormality anywhere along the sensory pathway from the 
peripheral nerves to the sensory cortex. Paresthesia are often described as pins-and-needle 
sensation. Particular kinds of paresthesias can be seen in the central nervous system (CNS) 
as follows: focal sensory seizures with cortical lesions, spontaneous pain in the thalamic 
syndrome, or bursts of paresthesia down the back or into the arms upon flexing the neck 
(Lhermitte’s sign) in patients with multiple sclerosis (MS) or other disorders of the cervical 
spinal cord. Level lesions of the spinal cord may cause either a band sensation or a girdle 
sensation, a vague sense of awareness of altered sensation encircling the abdomen. Nerve 
root lesions or isolated peripheral nerve lesions may also cause paresthesia, but the most 
intense and annoying paresthesia is due to a multiple symmetric peripheral neuropathy 
(polyneuropathy). Dysesthesia or allodynia is the term for abnormal sensations ordinarily 
evoked by a non- noxious stimuli. Paresthesias may be transient (following a prolonged 
crossing of patients leg) and not associated with neurological abnormality; however, if 
paresthesias are persistent, sensory system abnormality should be ruled out. In recent years, 
there has been expanded insight in to the pathophysiology of neuropathic pain because of 
their multiple and complex pathophysiological mechanisms. Convincing evidence on the 
relationship between the underlying pathophysiological mechanisms and neuropathic pain 
symptoms now suggests that classifying neuropathic pain according to a mechanism-based 
rather than an etiology-based approach. So we will try to explain the mechanism of 
paresthesia in this chapter.  
1.1 Anatomical consideration of sensory transducers  
Sensory receptors by means of sensory transduction convert the stimulus from the 
environment to an action potential for transmission to the brain. The anatomy and 





(Winkelmann, 1988, and Ropper & Samuels, 2009). They are divided in to two groups: the 
epidermal and the dermal skin-nerve organs. The epidermal skin-nerve organs consist of 
“free” nerve endings or hederiform nerve organs (e.g., Merkel cells). The term free terminal 
nerve ending refers to a slight axon expansion that still contains perineural cells including 
cytoplasm of Schwann cells and multiple cell organelles. In the dermal part, we have free 
sensory nerve endings, the hair nervous network (Pinkus discs), and the encapsulated 
endings [Ruffini, Meissner, Krause, Vater-Pacini (vibration), mucocutaneous end organ. 
Neurophysiological studies have led to a more advanced functional classification of sensory 
nerves based on the type of cutaneous mechanoreceptor responses. Sensory nerves can be 
subdivided into four groups: Aα fibers (12–22 mm) are highly myelinated with fast 
conduction velocity (70–120 m/s), and are associated with muscular spindles and tendon 
organs. Aß fibers are moderately myelinated (6–12 mm) and capture touch receptors. Aδ 
fibers constitute a thin myelin sheath (1–5 mm), an intermediate conduction velocity (4–30 
m/s), and are generally polymodal. The slow-conducting C fibers (0.5–2m/s) are 
unmyelinated and small (0.2–1.5 mm). Aδ fibers constitutes almost 80% of primary sensory 
nerves sprouting from dorsal root ganglia, whereas C fibers make up to almost 20% of the 
primary afferents. Moreover, the activation threshold of Aδ fibers is higher than that of C 
fibers. On the molecular level, specific receptor distribution seems to be important for the 
various functions of sensory nerve subtypes. For example, mechanoreceptors exclusively 
express the T-type calcium channel Ca (v) 3.2 in the dorsal root ganglion (DRG) of D-hair 
receptors. Pharmacological blockade indicates that this receptor is important for normal D-
hair receptor excitability including mechanosensitivity. However, different mechanisms 
seem to underlie mechanosensory function in various tissues. The skin is innervated by 
afferent somatic nerves with fine unmyelinated (C) or myelinated Aδ primary afferent nerve 
fibers transmitting sensory stimuli (temperature changes, chemicals, inflammatory 
mediators, pH changes) via dorsal root ganglia and the spinal cord to specific areas of the 
CNS, resulting in the perception of pain, burning, burning pain, or itching. Thus the skin 
“talks” to the brain via primary afferents thereby revealing information about the status of 
peripherally derived pain, pruritus, and local inflammation (Roosterman, et al., 2006).  
1.1.1 Normal processing of pain 
The study of the complex pathophysiological processes that trigger neuropathic pain comes 
from animal models of peripheral nerve injuries that was largely designed to mimic human 
diseases. Several etiological factors were used in these studies such as total nerve transaction 
or ligation to simulate the clinical conditions of amputation, partial peripheral nerve injury 
was stimulated by partial nerve ligation. Spinal nerve ligation effectively simulates spinal 
root damage owing to a lumbar disk herniation. Vincristine, paclitaxel and cisplatin have 
been used in animal models to mimic polyneuropathy caused by tumor chemotherapy. 
Finally, experimental model of diabetic neuropathy was produced by induction of damage 
to pancreatic insulin-producing cells in rats b streptozocin (Leone, et al. 2011). Following 
peripheral nerve injury, the generation ectopic discharges at the site of stump neuromas due 
to regenerating sprouts of primary afferent nociceptors has been well documented by 
microneurography study. There is also formation of abnormal electrical connections 
between adjacent axons that have been demyelinated. These connections may be responsible 
for the so-called ephaptic (cross-talk) phenomenon and the crossed after-discharge 
phenomenon, which occur because the sprouts of primary afferent neurons with damaged 
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peripheral axons can be made to discharge by the discharge of other afferents. Also, locally 
demyelinated axons can give rise to reflected impulses, which propagate both ortho-and 
antidromically. This is likely able to produce a dysesthetic buzzing sensation (Sindou, et al. 
2001) This process is referred to as peripheral sensitization. The mechanism behind this 
initially involves the synthesis of arachidonic acid as a result of the action of phospholipase 
A2 on membrane lipids. Arachidonic acid is then acted upon by cyclo-oxygenase to 
synthesize prostaglandin that in-turn directly lowers the activation threshold for A-delta 
and C-fibres.These (Neil, 2011). At the site of injury, inflammatory mediators such as 
histamine, bradykinin and leukotrienes are released in addition to prostaglandins. These 
factors are collectively regarded as the ‘inflammatory soup’ that surrounds peripheral 
nociceptors resulting in a further reduction in their membrane threshold and activation of 
dormant receptors. Sensitized receptors display an increased basal (unstimulated) rate of 
discharge and a supra-normal increase in discharge strength in response to any increase in 
stimulus. This is easily demonstrated clinically as an area of hyperalgesia extending beyond 
the boundary of a surgical incision (Neil, 2011). Sodium channel activation underpins the 
initiation of an action potential and ultimately the perception of acute pain. Following nerve 
damage, voltage-gated sodium channel expression undergoes marked changes. Abnormal 
sodium channel Nav1.3, Nav1.7, Nav1.8 and Nav1.9 expression were demonstrated by 
many studies(Black JA, et al. 2008, Wood JN, et al. 2004, in Leone C, et al. 2011) leading to 
primary afferent hyperexcitability (a lowered threshold and higher firing rat). The cell body 
of the sensory afferent fibers lies in the dorsal root ganglia (DRG). Different sodium 
channels accumulate also within the intact DRG (Amir R 2002, Leone C, et al. 2011). The 
type III embryonic sodium channel (Nav1.3) might play a key role in the development of 
neuropathic pain. It is present at low levels in adult afferent nociceptive pathways and after 
an experimental nerve injury its expression markedly increases (Dib-Hajj, et al. 2009, Leone, 
et al. 2011). Two human-inherited pain syndromes, inherited erythromelalgia and 
paroxysmal extreme pain disorder have been linked to the mutations in SCN9A, the gene 
that encodes Nav1.7, whereas loss-of-function mutations in SCN9A have been linked to 
complete insensitivity to pain (Dib-Hajj & Drenth, 2007, Leone, et al., 2011). 
1.1.1.1 The role of the cytokines  
Proinflammatory cytokines (PICs) such as interleukin-1 β (IL- 1 β), interleukin-6 (IL-6), and 
tumor necrosis factor- α (TNF α) are an important group of inflammatory mediators and 
play an essential role in pain sensitization f cytokines. Peripherally, PICs enhance the 
activity of TRPV1 (transient receptor potential subtype V1) (Nicol et al., 1997; Opree and 
Kress, 2000; Jin & Gereau, 2006; Kawasaki et al., 2008), induced the expression of 
pronociceptive genes in dorsal root ganglion (DRG) neurons (Fehrenbacher et al., 2005; von 
Banchet et al., 2005 in Kawasaki et.al, 2008), and further increase spontaneous activity in 
DRG neurons (Schafers et al., 2003; Kawasaki et.al, 2008). PICs also enhance pain via central 
mechanisms. First, PICs are induced in the spinal cord, especially in glial cells (e.g., 
microglia and astrocytes), in different chronic pain conditions. Second, intrathecal injection 
of the PICs was shown to enhance pain. Third, spinal blockade of PIC signaling attenuates 
chronic pain. The study of Kawasaki et al., 2008, have demonstrated that PICs induce central 
sensitization and hyperalgesia via distinct and overlapping synaptic mechanisms in 
superficial dorsal horn neurons either by increasing excitatory synaptic transmission or by 
decreasing inhibitory synaptic transmission. PICs may further induce long-term synaptic 
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transcription. Blockade of PIC signaling could be an effective way to suppress central 
sensitization and alleviate chronic pain. Various protein regulation is seen in peripheral 
sensitization, peripheral nerve injury induced by various animal studies changes transient 
receptor potential (TRP) channel expression. TRP channels are a family of nonselective 
cation-permeable channels that are known to be important for sensory signaling in the 
peripheral nervous system. Vanilloid receptor 1 (TRPV1), a member of the TRP family, was 
investigated for their role in the development of neuropathic pain. Total or partial sciatic 
nerve transection, or spinal nerve ligation, reduce TRPV1 expression in the somata of all 
damaged dorsal root ganglia. Following partial nerve lesion or spinal nerve ligation, TRPV1 
expression is greater in the undamaged dorsal root ganglion somata than in controls. 
TRPV1-deficient mice lack hyperalgesia and TRPV1 antagonists reduce pain behavior in 
mice after spinal nerve ligation. This is a strong evidence that TRPV1 plays a crucial role in 
the development of neuropathic pain (Staaf et al., 2009, Hudson, et al. 2001, Baron & 
Caterina, et al., 2000, Leone et al., 2011). The physiological changes seen within inflamed or 
infected tissue (i.e. heat and acidic pH) are known to activate the TPRV-1 receptor and 
enhance pain sensitivity. Other molecules within nociceptors that are known to enhance 
pain transmission include substance-P and calcitonin gene related peptide (CGRP). These 
two factors are often released simultaneously within the cell. Substance P activates second 
order neurons that send a ‘pain’ signal to the brain while CGRP contributes to neurogenic 
inflammation by causing vasodilation and hence warmth, redness and swelling (Neil, 2011). 
Normally, the DRG cell body receives via the nerve terminal signal substances, which 
modify gene transcription and protein synthesis. After nerve damage, these molecules will 
be lost. So, nerve damage, through complex signaling mechanisms (cAMP-dependent PKA 
and Ca2+/phospholipid-dependent PKC) modulate gene transcription. Also, it was 
demonstrated by animal study that after nerve damage, there is an induction of c-jun, p-38 
and ERK. The encoded proteins of these genes are involved in the inflammatory responses, 
neuronal degeneration and neuronal plasticity, which maintain pain sensation. Therefore, 
the importance of genetic factors in neuropathic pain remains an interesting question for 
further research, especially for their possible use as targets for new, more selective drugs 
(Hudmon et al., 2008, Stamboulian et al., 2010, Leon , et al., 2011).   
1.1.1.2 Central sensitization  
The cell bodies of the peripheral afferent pain fibers of both A- δ and C types are placed in 
the dorsal root ganglia; central extensions of these nerve cells project via the dorsal root to 
the dorsal horn of the spinal cord (or, in the case of cranial pain afferents, to the nucleus of 
the trigeminal nerve, the medullary analogue of the dorsal horn). The pain afferents occupy 
mainly the lateral part of the root entry zone. Within the spinal cord, many of the thinnest 
fibers (C fibers) form a discrete bundle, the tract of Lissauer (Ropper & Samuels, 2009). 
1.1.1.3 The dorsal horn  
The afferent pain fibers, after traversing the tract of Lissauer, terminate in the posterior gray 
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within the segment of their entry into the cord; some extend ipsilaterally to one or two 
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fibers terminate principally in lamina I of Rexed (marginal cell layer of Waldeyer) and also 
in the outermost part of lamina II; some A- δ pain fibers penetrate the dorsal gray matter 
and terminate in the lateral part of lamina V . Unmyelinated (C) fibers terminate in lamina II 
(substantia gelatinosa). Yet other cells that respond to painful cutaneous stimulation are 
located in ventral horn laminae VII and VIII. The latter neurons are responsive to 
descending impulses from brainstem nuclei as well as segmental sensory impulses. From` 
these cells of termination, second-order axons connect with ventral and lateral horn cells in 
the same and adjacent spinal segments and subserve both somatic and autonomic reflexes. 
The main bundle of secondary neurons subserving pain sensation projects contralaterally 
(and to a lesser extent ipsilaterally) to higher levels; this constitutes the spinothalamic tract. 
Most of the spinothalamic neurons ultimately ascend to the ventroposterolateral nucleus of 
the thalamus, though they may branch to provide input to these brain stem targets. 
However, some axons terminate solely in these bulbar regions, which then send projections 
to thalamic nuclei (Ropper & Samuels, 2009). 
 
Fig. 1. Diagramatic representation of Rexed's laminae. 
Information about this pathway in humans has been derived from the study of postmortem 
material and from the examination of patients subjected to anterolateral cordotomy for 
intractable pain. The clinical relevance is seen with the unilateral section of the anterolateral 
funiculus, which produces a relatively complete loss of pain and thermal sense on the 
opposite side of the body, extending to a level two or three segments below the lesion as 
noted earlier. Usually, the pain sensibility returns after a variable period of time, probably 
being conducted by pathways that lie outside the anterolateral quadrants of the spinal cord 
that gradually increases their capacity to conduct pain impulses. One of these is a 
longitudinal polysynaptic bundle of small myelinated fibers in the center of the dorsal horn 
(the dorsal intracornual tract); another consists of axons of lamina I cells that travel in the 
dorsal part of the lateral funiculus (Ropper & Samuels, 2009). The second-order nociceptive 
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2006, D'Mello, 2008, Leone, et al., 2011). Nociceptive-specific neurons are located in the outer 
layers (laminae I–II) of the dorsal horn; wide dynamic range neurons lie in deeper laminae 
(most of lamina V neurons are wide dynamic neurons). Nociceptive-specific neurons 
respond selectively to noxious stimuli conveyed by Aδ- and C-fibers. Wide dynamic range 
neurons excited both by noxious and non-noxious stimuli, receive both large-myelinated 
Aβ-fibers as well as Aδ- and C-fibers. Wide dynamic range neurons can encode and project 
different types of sensory information, nociceptive and non-nociceptive, varying their firing 
rate (higher for noxious and lower for non-noxious stimuli).  
Nociceptive neurons usually have a localized receptive field and probably plays an 
important role in spatially detecting nociceptive stimuli. By contrast, wide dynamic range 
neurons have a large receptive field and a stimulus-response function (the higher the 
stimulus intensity, the higher the firing rate of their output), their main function is to detect 
and discriminate the intensity of noxious stimuli (Dubner 1985, Sessle 1991, Leone, et al., 
2011). The fundamental process of central sensitization is the release of the primary afferent 
neuron that binds to the NMDA receptor resulting in an influx of calcium and potassium. 
This leads to nerve depolarization and heightened sensitivity to circulating 
neurotransmitter. The N-methyl, D-adenine (NMDA) receptor is found widely within the 
CNS but features prominently in the DRG. At the molecular level, nociception induces 
alteration in second order neurone such as phosphorylation of NMDA and AMPA 
receptors. These processes contribute to the process of central sensitization (Neil, 2011). At 
the dorsal horn usually two processes occur, which are designated “windup” and “central 
sensitization. Central sensitization has been described earlier, the ”windup” results from 
repetitive C-fiber firing at low frequencies that results in a progressive buildup of the 
amplitude of the response of the dorsal horn neuron, only during the repetitive train. Both 
can be blocked by NMDA receptor antagonists. Central sensitization can result from 
windup. This is a result of the calcium influx through the NMDA receptor following 
depolarization of the dorsal horn membrane. The intracellular calcium activates a number of 
kinase among which protein kinase C (PKC) is likely important. PKC enhances the NMDA 
receptor, which results in subsequent glutamate binding of the NMDA receptor generating 
an inward current. Though windup can result in central sensitization, it is not necessary for 
central sensitization to occur (Brannagan,2010). The neurotransmitters on activiation of 
NMDA receptor-channel produce an increase of intracellular Ca2+ and cAMP 
concentrations, which activates protein kinase. Protein kinase consist of the signaling 
cascade that modulates gene transcription (i.e. c-fos, c-jun) (Ji et al., 2003, Willis et al., 2002, 
Leone et al., 2011).  
1.1.1.4 Role of calcium currents in the genesis of neuropathic pain   
Cytoplasmic Ca2+ regulates numerous cellular processes in neurons. The pathogenic 
contribution of altered inward Ca2+ flux (ICa) through voltage gated Ca2+ channels in 
sensory neurons after peripheral nerve injury was examine by Hogan (2007). Primary 
sensory neurons isolated from animals after peripheral nerve injury with partial ligation 
show a decrease in high-voltage activated ICa by approximately one third. Low voltage-
activated ICa is nearly eliminated by peripheral nerve injury. Loss of ICa leads to decreased 
activation of Ca2+-activated K+ currents, which are also directly reduced in traumatized 
neurons. As a result of these changes in membrane currents, membrane voltage recordings 
show increased action potential duration and diminished after hyperpolarization. 
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Excitability is elevated, as indicated by resting membrane potential depolarization and a 
decreased current threshold for action potential initiation. Traumatized nociceptive neurons 
develop increased repetitive firing during sustained depolarization after axotomy. 
Concurrently, cytoplasmic Ca2+ transients are diminished. In conclusions, axotomized 
neurons, especially pain-conducting ones, develop instability and elevated excitability after 
peripheral injury. DRG neurons expressed a variety of voltage-gated Ca2+ channels 
(VGCCs). High voltage activated (HVA) are distinguished by their voltage dependency, 
kinetics, and pharmacology. Low voltage activated (LVA) currents, or T currents inactivate 
rapidly during sustained depolarization but close (deactivate) slowly after repolarization of 
the membrane. Because of these features, T-currents account for up to 50% of Ca2+ entry. 
DRG neurons show definite heterogeneity with respect to HVA Ca2+ channels. Nerve 
injury, particularly axotomy, results in a loss of ICa in primary sensory neurons, which is 
present after different types of injury and their role in generating neuropathic pain. 
Axotomized Aδ neurons develop increased repetitive firing during sustained depolarization 
after axotomy , whereas Aα/β neurons does not. Thus, axotomized neurons, especially 
pain-conducting ones, develop instability and elevated excitability. Altered function of other 
ionic membrane channels contributes to the disordered membrane biophysics observed after 
nerve injury, including substantial changes in voltage-gated Na+ and K+ channels (Hogan, 
2007).  
1.1.1.5 The role of glial cells in neuropathic pain    
Glial cells, including microglia and astrocytes, are non-neuronal cells that have various 
functions in the spinal cord. They act as physical support, release mediators that modulate 
neuronal activity and alter axonal and dendritic growth. Usually they account for 70% of 
CNS cells under normal conditions. Uncontrolled glial cell activation under neuropathic 
pain conditions induces the release of proinflammatory cytokines and other substances that 
facilitate pain transmission (Watkins 2009, Mika 2008, Song 2001, Leone et al., 2011). In 
addition, glial cells enhance release of substance P and excitatory amino acids from nerve 
terminals, including primary afferents in the spinal cord (Malcangio 1996, Inoue 1999, 
Leone, et al., 2011). Their activation can also lead to altered opioid system activity (Watkins 
2009, Mika 2008, Song 2001, Leone et al., 2011). Neuropathic pain can also induce a protein 
named fractalkine, which is expressed by neuron (Abbadie 2009, Leone et al., 2011). The 
soluble portion of fractalkine diffuses away and binds to and activates glial cells (Chapman 
2000, Leone et al., 2011). Intrathecal fractalkine creates both thermal hyperalgesia and 
mechanical allodynia, and fractalkine receptor blockade blocks inflammatory neuropathy-
induced pain (Milligan, 2004, Leone et al., 2011).  
1.1.1.6 Thalamic projection of pain fibers  
The lateral division of the spinothalamic tract terminates in the ventrobasal and posterior 
groups of nuclei, the most important of which is the VPL nucleus. The medial portion 
terminates mainly in the intralaminar complex of nuclei and in the nucleus submedius. 
Spinoreticulothalamic (paleospinothalamic) fibers project onto the medial intralaminar 
(primarily parafascicular and centrolateral) thalamic nuclei. Projections from the dorsal 
column nuclei, which have a modulating influence on pain transmission, are mainly 
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1.1.1.7 Thalamocortical projections  
The ventrobasal thalamic complex and the ventroposterior group of nuclei project to two 
main cortical areas: the primary sensory (postcentral) cortex (a small number terminate in 
the precentral cortex) and the upper bank of the Sylvian fissure. They are concerned mainly 
with the reception of tactile and proprioceptive stimuli and with all discriminative sensory 
functions including pain (Ropper & Samuels, 2009). 
1.1.1.8 Descending pain-modulating systems  
The descending fibers play an important role to modulate activity in nociceptive pathways 
and inhibition of neuropathic pain. The endogenous pain control system decend from the 
frontal cortex and hypothalamus and projects to cells in the peri-aqueductal region of the 
midbrain and then passes to the ventromedial medulla. From there it descends in the dorsal 
part of the lateral fasciculus of the spinal cord to the posterior horns (laminae I, II, and V). 
Several other descending pathways, noradrenergic and serotonergic, arise in the locus 
ceruleus, dorsal raphe nucleus, and nucleus reticularis. Gigantocellularis are also important 
modifiers of the nociceptive response. The descending pain-control systems mainly acting 
via noradrenergic and serotonergic, as well as opiate pathway. A descending 
norepinephrine- pathway, also has been traced from the locus ceruleus in the dorsolateral 
pons to the spinal cord, and its activation blocks spinal nociceptive neurons. The 
rostroventral medulla contains a large number of serotonergic neurons from which 
descending fibers inhibit dorsal horn cells concerned with pain transmission, this provide a 
rationale for the use of serotonin agonists antidepression medications in patients with 
chronic pain (Ropper & Samuels, 2009). 
1.1.1.9 Genetic inheritance of neuropathic pain  
Genetic risk factors play as an important factor in various clinical neuropathic pain 
conditions. Various genetic diseases are reported to be associated with an increased risk for 
the development of neuropathic pain. For example, Fabry disease, which is a rare X-linked 
recessive (inherited) lysosomal storage disease that causes painful neuropathy (Zarate et al., 
2008, Leone, et al., 2011). Mutations in SCN9A, the gene that encodes Nav1.7 caused two 
extremely rare inherited neuropathic pain conditions, erythromelalgia and paroxysmal 
extreme pain disorder (Dib-Hajj et al., 2007, Leone et al., 2011). Following nervous system 
damage, gene mutations can lead to the genetic risk of developing neuropathic pain. To 
highlight the role of genetic susceptibility in neuropathic pain, a recent study investigates a 
single nucleotide polymorphism association of the potassium channel α subunit, KCNS1, in 
humans with neuropathic pain. They found that a common amino acid changing-allele, the 
'valine risk allele', was significantly associated with higher pain scores (Costigan et al., 2010, 
Leone et al., 2011). Other studies investigated catechol-O-methyltransferase polymorphisms 
that modulate nociceptive and dysfunctional temporomandibular joint disorder pain 
(Diatchenko et al., 2005, Nackley et al., 2006, Leone et al., 2011). A single nucleotide 
polymorphism in SCN9A is demonstrated by recent study to increase the firing frequency of 
DRG neurons, another study demonstrates that this single nucleotide polymorphism was 
subsequently shown to be associated with chronic pain (Reimann et al., 2010, Estacion et al., 
Leone et al. 2011). So, a new future approach to neuropathic pain should include genetic 
analysis among the more conventional diagnostic tools. 
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1.1.2 Pathophysiologic characteristic of paresthesia  
Human microneurography experiments have demonstrated that tingling paresthesia results 
from the aberrant activity of mechanosensitive neurons (Ochoa and Torebjork 1980, Nordin 
et al., 1984, Lennertz et al., 2010), but little is known about the molecular mechanisms 
underlying this abnormal sensation. So Hydroxy-sanshool (sanshool), which is a natural 
plant alkylamide that induces numbing and robust tingling paresthesia in humans (Bryant 
and Mezine, 1999; Sugai et al., 2005, in Lennertz, et al., 2010) has been used to provide 
insight into the cellular and molecular mechanisms underlying tingling paresthesia. Nearly 
52% of cultured dorsal root ganglion neurons are excited by sanshool in vitro, including a: 
subset of large-diameter, putative light-touch mechanoreceptors (Bautista et al., 2008, 
Lennertz, et al., 2010)). Lingual nerve (Bryant and Mezine, 1999 , Lennertz, et al., 2010) and 
dorsal horn neurons recording (Sawyer et al., 2009, Lennertz, et al., 2010) confirm that 
sanshool does activate light-touch receptors. Interestingly, it was found that sanshool may 
discriminate between subtypes of mechanosensitive fibers. Using the saphenous skin–nerve 
preparation to record from primary afferent nerve fibers ex vivo, it was demonstrated that 
sanshool excites specific subtypes of cutaneous mechanoreceptors. Sanshool potently 
activates all ultrasensitive D-hair fibers and, to a lesser extent, unique populations of 
pressure-sensitive Aß fibers and low conduction velocity C fibers. In all fiber types, sanshool 
evokes action potential bursting, reminiscent of the activity observed in myelinated fibers of 
human subjects experiencing tingling paresthesia. In addition, sanshool-evoked avoidance 
behavior is distinct from pain-evoked behaviors and is consistent with the robust activation 
of low threshold mechanoreceptors. Moreover, it was proved that sanshool is an invaluable 
tool for delineating the function of novel mechanosensitive neuron subtypes (Lennertz et al., 
2010). Thus, the majority of fibers activated by sanshool are Aβ and D-hair neurons that 
mediate the detection of light-touch rather than noxious stimuli. However, there is a subset 
of C fibers that do respond robustly to sanshool. In a subset of fibers, sanshool evoked a 
burst pattern of action potential firing. Bursting was most prevalent among sanshool-
sensitive C fibers and D-hair fibers, occurring in 73 and 26% of sanshool-sensitive fibers, 
respectively. Large myelinated Aβ fibers were the least likely to show bursting because only 
one RA- Aβ fiber exhibited bursting and none of the SA- Aβ fibers displayed bursting 
Interestingly, the rapidly adapting D-hair fibers and slowly adapting C fibers displayed 
distinct patterns of burst firing. Rapidly adapting D-hair fibers (and the RA- Aβ fiber) issued 
quick bursts of action potentials with short intervals, whereas the slowly adapting C fibers 
issued significantly longer duration bursts of action potentials at less frequent intevals. 
Consequently, the average number of action potentials per burst was considerably higher in 
C fibers than in D-hair or RA- Aβ fibers. Sanshool is the first pharmacological agent 
identified that can discriminate between subsets of mechanosensory neurons which often 
leads to tingling paresthesia in patients . Among Aδ fibers, virtually all D-hair afferents 
were vigorously excited by sanshool, whereas adrenomedullin (AM) nociceptors were 
completely unresponsive. D-hair afferents are the most sensitive of all mechanoreceptors, 
with mechanical thresholds below the measurable limit D-hairs have also been implicated in 
diabetic peripheral neuropathy (Shin et al., 2003; Jagodic et al., 2007, Lennerts et al., 2010), 
which often leads to tingling paresthesia in patients(Lennertz et al., 2010). 
Sanshool activates rapidly adapting mylinated more better than slowly adapting fibers. 
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1.1.2 Pathophysiologic characteristic of paresthesia  
Human microneurography experiments have demonstrated that tingling paresthesia results 
from the aberrant activity of mechanosensitive neurons (Ochoa and Torebjork 1980, Nordin 
et al., 1984, Lennertz et al., 2010), but little is known about the molecular mechanisms 
underlying this abnormal sensation. So Hydroxy-sanshool (sanshool), which is a natural 
plant alkylamide that induces numbing and robust tingling paresthesia in humans (Bryant 
and Mezine, 1999; Sugai et al., 2005, in Lennertz, et al., 2010) has been used to provide 
insight into the cellular and molecular mechanisms underlying tingling paresthesia. Nearly 
52% of cultured dorsal root ganglion neurons are excited by sanshool in vitro, including a: 
subset of large-diameter, putative light-touch mechanoreceptors (Bautista et al., 2008, 
Lennertz, et al., 2010)). Lingual nerve (Bryant and Mezine, 1999 , Lennertz, et al., 2010) and 
dorsal horn neurons recording (Sawyer et al., 2009, Lennertz, et al., 2010) confirm that 
sanshool does activate light-touch receptors. Interestingly, it was found that sanshool may 
discriminate between subtypes of mechanosensitive fibers. Using the saphenous skin–nerve 
preparation to record from primary afferent nerve fibers ex vivo, it was demonstrated that 
sanshool excites specific subtypes of cutaneous mechanoreceptors. Sanshool potently 
activates all ultrasensitive D-hair fibers and, to a lesser extent, unique populations of 
pressure-sensitive Aß fibers and low conduction velocity C fibers. In all fiber types, sanshool 
evokes action potential bursting, reminiscent of the activity observed in myelinated fibers of 
human subjects experiencing tingling paresthesia. In addition, sanshool-evoked avoidance 
behavior is distinct from pain-evoked behaviors and is consistent with the robust activation 
of low threshold mechanoreceptors. Moreover, it was proved that sanshool is an invaluable 
tool for delineating the function of novel mechanosensitive neuron subtypes (Lennertz et al., 
2010). Thus, the majority of fibers activated by sanshool are Aβ and D-hair neurons that 
mediate the detection of light-touch rather than noxious stimuli. However, there is a subset 
of C fibers that do respond robustly to sanshool. In a subset of fibers, sanshool evoked a 
burst pattern of action potential firing. Bursting was most prevalent among sanshool-
sensitive C fibers and D-hair fibers, occurring in 73 and 26% of sanshool-sensitive fibers, 
respectively. Large myelinated Aβ fibers were the least likely to show bursting because only 
one RA- Aβ fiber exhibited bursting and none of the SA- Aβ fibers displayed bursting 
Interestingly, the rapidly adapting D-hair fibers and slowly adapting C fibers displayed 
distinct patterns of burst firing. Rapidly adapting D-hair fibers (and the RA- Aβ fiber) issued 
quick bursts of action potentials with short intervals, whereas the slowly adapting C fibers 
issued significantly longer duration bursts of action potentials at less frequent intevals. 
Consequently, the average number of action potentials per burst was considerably higher in 
C fibers than in D-hair or RA- Aβ fibers. Sanshool is the first pharmacological agent 
identified that can discriminate between subsets of mechanosensory neurons which often 
leads to tingling paresthesia in patients . Among Aδ fibers, virtually all D-hair afferents 
were vigorously excited by sanshool, whereas adrenomedullin (AM) nociceptors were 
completely unresponsive. D-hair afferents are the most sensitive of all mechanoreceptors, 
with mechanical thresholds below the measurable limit D-hairs have also been implicated in 
diabetic peripheral neuropathy (Shin et al., 2003; Jagodic et al., 2007, Lennerts et al., 2010), 
which often leads to tingling paresthesia in patients(Lennertz et al., 2010). 
Sanshool activates rapidly adapting mylinated more better than slowly adapting fibers. 





injury- and disease-evoked paresthesia, as well as in post ischemic paresthesia; however, the 
exact neuronal subtypes that mediate tingling paresthesia have not been characterized 
(Ochoa and Torebjrko, 1980; Nordin et al., 1984, Lennertz, et al., 2010). A subset of slowly 
adapting Aβ fibers also responded to sanshool, two findings support the idea that the 
sanshool-sensitive slowly adapting Aβ fibers are SA-II type skin stretch sensors. First, the 
proportion of sanshool-sensitive slowly adapting Aβ fibers (36%) is consistent with the 
proportion of SA-II type skin stretch sensors. Second, the sanshool-sensitive SA- Aβ fibers 
were approximately fivefold less sensitive to sustained force than the sanshool-insensitive 
population. Sanshool activated a unique subset of C fibers that has an intrinsically slower 
conduction velocity than other C fibers (Lennertz et al., 2010). Previous studies of tingling 
paresthesia in humans have failed to report aberrant activity of Aδ or C fibers (Ochoa and 
Torebjork, 1980; Nordin et al., 1984, Lennertz, et al., 2010). However, this may be attributable 
to technical difficulties in recording from patients experiencing tingling paresthesia. 
Knowing that sanshool elicits tingling paresthesia through selective activation of 
mechanosensitive somatosensory neurons. Also, sanshool consumption fails to elicit the 
nocifensive responses of nose rubbing and wiping that are commonly observed after 
consumption of capsaicin or mustard oil (our unpublished observations)(Lennertz et al., 
2010).Thus, sanshool evoked behaviors is more likely to be resulted from tingling 
paresthesia rather than painful irritation and this is consistent with the activation pattern of 
Aδ and Aβ fibers by sanshool, as well as with results from human psychophysical studies 
demonstrating that sanshool does not elicit pain sensations (Bryant and Mezine, 1999; Sugai 
et al., 2005, Lennertz et al., 2010). Although sanshool also activates a subset of C fibers, it is 
unclear whether these C fibers actually transmit pain signals. Several studies have 
demonstrated the existence of C fibers that transmit information other than pain, such as the 
study by (Loken et al., 2009, Lennertz, et al., 2010), who demonstrates the existence of 
unmyelinated C fibers that code for pleasant touch sensations in humans. In addition, C 
fibers that transmit sensations of brushing and itch have also been reported (Zotterman, 
1939, Lennertz, et al., 2010). Specific labeling of neurons that express a mass-related G-
protein-coupled receptor, MrgprB4, revealed a unique subpopulation of C fibers that 
specifically innervate the skin but not the viscera. These fibers are hypothesized to function 
as touch receptors rather than nociceptors (Liu et al., 2007, Lennertz, et al., 2010). Common 
among all subtypes of sanshool-sensitive fibers is the presence of action potential bursting, 
which we observed in 29% of fibers. Bursting is also associated with tingling paresthesia. 
Microelectrode recordings show robust bursting of sensory afferents in normal human 
subjects experiencing tingling paresthesia (Ochoa and Torebjork, 1980, Lennertz et al., 2010). 
Neuronal recordings from patients suffering from activity-dependent tingling paresthesia 
showed that robust bursting of myelinated, rapidly adapting mechanoreceptors increased 
with the degree of paresthesia. Also, it was found in a rat models of diabetic neuropathy, 
robust bursting of medium-diameter fibers increased in diabetic neurons compared with 
wild-type neurons (Jagodic et al., 2007, Lennertz, et al., 2010). Bursting is exhibited by many 
neurons within the CNS, as well as some peripheral neurons. In the peripheral nervous 
system, bursting has been described in trigeminal afferents in the brainstem that are thought 
to play a key role in the central pattern generator circuit regulating mastication in rodents 
(Brocard et al., 2006; Hsiao et al., 2009, Lennertz, et al., 2010). In addition, neuronal 
recordings from patients suffering from activity-dependent tingling paresthesia showed 
robust bursting of myelinated, rapidly adapting mechanoreceptors that increased with the 
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degree of paresthesia. Finally, in rat models of diabetic neuropathy, robust bursting of 
medium-diameter fibers increased in diabetic neurons compared with wild-type neurons 
(Jagodic et al., 2007, Lennertz, et al., 2010). It has been demonstrated that sanshool-evoked 
fiber responses are of similar prevalence and amplitude in the presence or absence of TRPA1 
and TRPV1 selective antagonists. These data suggest that neither TRPA1 nor TRPV1 
mediate the excitatory effects of sanshool (Lennertz et al., 2010). Sanshool may act directly 
on two pore potassium channel (KCNK) in sensory neurons as well as in keratinocytes, 
which are known to modulate sensory neuron function (Koizumi et al., 2004; Lumpkin and 
Caterina, 2007; Lennertz et al., 2010) to induce tingling paresthesia, and that is because in 
somatosensory neurons, expression and electrophysiological studies show the presence of 
KCNK18 channels (Dobler et al., 2007; Kang et al., 2008, Lennertz et al., 2010), and 
expression of KCNK3 and KCNK9 have not been demonstrated. However, KCNK3 and 
KCNK9 are expressed by keratinocytes in the skin (Kang and Kim, 2006, Lennertz, et al., 
2010). Bursting in trigeminal neurons has been linked to the activity of Kv1 channels (Hsiao 
et al., 2009). Characterization of sanshool-sensitive mechanoreceptors represents an essential 
first step in identifying the cellular and molecular mechanisms underlying tingling 
paresthesia that accompanies peripheral neuropathy and injury (Lennertz, et al., 2010). 
1.1.3 Paresthesia and entrapment neuropathy  
Paresthesia are reported in many different conditions of entrapment neuropathies (Lewis, 
2010). In our study of surgical outcome of thoracic outlet compression syndrome, 
paresthesia was the second most common syndrome (30%) after pain (86.7%), two-thirds of 
the patient were operated (Al Luwimi &Al Awami, 2009). Recently symptoms of paresthesia 
and signs of numbness were recorded by (Hann et al., 2010) to establish the changes in 
nerve excitability and symptom generation associated with the application of focal nerve 
compression (FNC). The aim of the study was to investigate the changes in sensory nerve 
excitability and thereby resting membrane potential that develops with focal nerve 
compression (FNC). FNC was applied by means of a custom-designed, novel compression 
device (Fig 2). 
Paraesthesia developed in response to application of FNC. Their intensity increased as the 
FNC continued reaching the end of FNC (Fig. 3A). Following the release of FNC, 
paraesthesia continued and the duration required for complete resolution of symptoms 
varied between individuals, ranging from 3 to 11 min. Numbness was quantitatively 
assessed using von frey filaments(VFFs). The levels of numbness, as indicated by 
normalized VFFs, paralleled the pattern of changes produced by paraesthesiae (Fig. 3B). 
During FNC, the mean tactile sensitivity deteriorated, followed by a gradual recovery with 
release of FNC. 
1.1.3.1 Comparison to ischaemia  
The ischemia change seen on release of compression was similar to that previously achieved 
with generalized limb ischaemia (Fig. 4A), similarly, the reduction in compound sensory 
action potential (CSAP ) amplitude observed during compression was similar to that 
achieved with ischaemia (Fig. 4B), suggesting that the two maneuvres achieved comparable 
effects on the axons over similar time period. But, the rates of recovery on release of the 
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(CSAP) recovery was significantly faster following release of FNC (12.4 +/- 2.1% min−1) 
when compared to ischaemia (3.6 +/- 0.6% min−1; P <0.005). Accordingly, full recovery of 
CSAP was achieved in a shorter time frame with release of FNC (3.3 +/- 0.5min) than 
ischaemia (8.8 +/- 2.1min; P <0.05(Hann, et al., 2010). 
 
Fig. 2. Experimental paradigm and structural changes to the median nerve achieved via 
FNC. A, experimental protocol. The median nerve was stimulated at the wrist and the 
resultant compound sensory action potential (CSAP) was recorded from the second digit. A 
custom designed and built compression device was utilized for delivering both electrical 
stimulation and focal nerve compression. B, configuration of stimulation channels. Vertical 
arrows in channels 1, 6, 10 and 12 indicate threshold tracking of the test stimulus, aiming to 
generate a CSAP amplitude corresponding to the steepest portion of SR curve in channel 7. 
C, a representative cross-sectional ultrasound (US) image of median nerve (MN) prior to 
FNC. D, cross-sectional US image of MN immediately after the application of FNC showing 
the changes in shape of MN. Open vertical arrow indicates the region of FNC application. 
Copy permission from publisher (John Wiley and Sons) via Copyright Clearance Center's 
Rights Link service from the article by Hann S.E, J Physiol 588.10 (2010) pp 1737–1745. 
When paraesthesia generation was compared between the process of FNC and ischemia it 
was continued to increase during the former process of FNC, and subsided after initial 
changes during the latter process (Fig. 3C) (Han et al., 2008, 2010). On the release of FNC, 
there was no increase in paraesthesia, in contrast with the release of ischaemia (of similar 
duration), where a large rebound in the intensity of paraesthesia developed. The pattern of 
change for numbness during and after FNC was similar to that observed with an ischaemic 
insult (Fig. 3D) (Han et al., 2008, 2010). There appeared apparent relationship between the 
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pattern of paraesthesia and corresponding changes in strength–duration time constant 
(SDTC). The pattern of paraesthesia generation observed in the present series was novel 
(Fig. 3A and C). The metabolic changes seen in the process of ischemia and FNC are 
different and that might explain the change in paresthesia generation in the two processes. 
The metabolic byproducts of ischaemia, such as H+, which accumulate and potentially 
interfere with parameters that determine axonal excitability, particularly the Na+/K+-
ATPase and persistent Na+ conductance's. H+ ions and pH can modify channel gating 
(Wanke et al., 1980, 1983, Hann, et al. 2010), raised intracellular pH reduce Na+ channel 
inactivation (Brodwick & Eaton, 1978, Hann et al., 2010). Also, low pH may also alter the 
gating mode of persistent Na+ conductances (Baker & Bostock, 1999; Hann et al., 2010).  
 
Fig. 3. Symptom rating before, during and after FNC (A and B), and compared to ischaemia 
(C and D). Copy permission from publisher (John Wiley and Sons) via Copyright  
Clearance Center's RightsLink service from the article by Hann S.E, J Physiol 588.10 (2010) 
pp 1737–1745. 
Both processes can contribute to greater rate of paraesthesia generation during the initial 
phases of generalized ischaemia compared to FNC (Fig. 3A and C). But, during FNC 
where focal ischaemia appeared to be the underlying mechanism, metabolites exerted less 
significant effects. Such a view would also be supported by the rapid rate of CSAP 
recovery observed with release of FNC. Such differences in the secondary effects on 
axonal function, and persistent Na+ conductances, may also contribute to the relative 
differences in ( SDTC) and symptom generation observed between FNC and ischaemia, 
particularly the relative absence of paraesthesia on release of FNC, in contrast to the more 
severe symptoms that follow generalized ischaemia (Fig. 5A). It is possible that 
metabolites associated with generalized ischaemia enhanced the accumulation of K+ ions 
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contribute in the process of FNC. So, Post-ischaemic paraesthesia is most likely due to 
regenerative potassium currents (Han et al.; Kuwabara, 2008; Hann et al., 2010). In 
addition, different mechanisms were described for the peak of paraesthesia during and 
after ischaemia, (Kuwabara, 2008). During ischaemia, paraesthesia appear to be of low 
frequency (‘buzzing’), and have been attributed to persistent Na+ conductances (Kiernan 
& Bostock, 2000; Han et al., 2008, 2009, 2010). In the post-ischaemic period, the discharges 
are typically of high frequency, occurring in recurrent bursts, attributed to inward K+ 
currents. The origin of such activity appears to be rapidly adapting or Meissner’s 
corpuscle mechanoreceptor fibres (Ochoa & Torebjork, 1980; Kuwabara, 2008; Hann et al., 
2010). Additional modifying factors including stretch sensitive channels (Hamill, 2006; 
Hann et al., 2010) and morphological changes involving the axonal membrane (Clarke et 
al., 2007; Hann et al., 2010) cannot be excluded. 
 
Fig. 4. Comparison between FNC applied to the wrist and ischaemia applied to the upper 
limb for associated threshold and supramaximal response. A, the maximal threshold change 
achieved following release of compression and ischaemia. B, normalized compound sensory 
action potential( CSAP) amplitude, with similar reductions achieved for both FNC (filled 
diamonds) and ischaemia (open diamonds). Horizontal bar indicates period of FNC (filled) 
or ischaemia (open), and grey vertical bar represents the period to achieve compression. 
Copy permission from publisher (John Wiley and Sons) via Copyright Clearance Center's 
RightsLink service from the article by Hann S.E, J Physiol 588.10 (2010) pp 1737–1745. 
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1.1.4 Mechanisms of paresthesia in dental procedures 
The mechanism of paresthesia in dental procedure depend on the pharmacology of the 
dental local anesthetics and their local action. These local anesthetics are classified into 
esters and amides based on the bond hydrolyzed in metabolic degradation and elimination 
in the human body (Ritchie & Greene, 1985; Nickel, 1990). The hydrolysis of the ester or 
amide bond, which is joining the three parts of the local anesthetics molecule, the aromatic 
(hydrophobic), the alcoholic (hydrophilic) and tertiary amino groups, will results in the 
formation of an alcohol product which varies in structure and activity depending on the 
parent molecule (Morrison & Boyed, 1987; Nickel, 1990). This product is an active one, it will 
increase the length of the alcohol group and thus a greater anesthetic potency. The increase 
anesthetic potency of the alcohol group because of alcohol is neurotoxic, causing paresthesia 
(Littler, 1984; Shannon & Wiscott, 1974; Nickel, 1990). 
1.1.5 Mechanisms of paresthesias arising from healthy axons 
Paresthesia have been described to arise from healthy axons. Cutaneous afferents due to 
differences in their biophysical properties are more excitable than motor axons, such 
differences include more persistent Na (+) conductance which create a greater tendency to 
ectopic activity. These ectopic discharges have been described in normal afferents by 
different mechanisms such as hyperventilation, ischemia, release of ischemia, and 
prolonged tetanization. The alkaline shift produced by hyperventilation selectively increases 
the persistent Na (+) conductance, while the membrane depolarization produced by 
ischemia affects both transient and persistent Na (+) channels. Post-ischemic and post-
tetanic paresthesia occur when hyperpolarization by the Na (+)/K (+) pump is transiently 
prevented by raised extracellular K (+). The electrochemical gradient for K (+) is reversed, 
and inward K(+) currents trigger regenerative depolarization. These mechanisms of 
paresthesia generation can account for paresthesia in normal subjects and may be relevant in 
some peripheral nerve disorders (Mogyoros et al., 2000). 
2. Conclusion 
Paresthesia as one of the presentation of neuropathic pain, had been shown to be caused by 
different mechanisms. Recent literature were able to elaborate more about the anatomical 
and physiological basis of paresthesia by using hydroxy-sanshool (sanshool), which is a 
natural plant alkylamide that induces numbing and robust tingling paresthesia in humans. 
Sanshool excites specific subtypes of cutaneous mechanoreceptors, it potently activates all 
ultrasensitive D-hair fibers and, to a lesser extent, unique populations of pressure-sensitive 
Aß fibers and low conduction velocity C fibers. Paresthesia was seen to be more apparent in 
rapidly adapting myelinated fibers than the slow one and that has been implicated in both 
injury- and disease-evoked paresthesia, as well as in post ischemic paresthesia. The cellular 
and molecular basis of paresthesia is most likely due to two pore potassium channel 
(KCNK), and not to transient receptor channels (TRPA1). Also, paresthesia generation in the 
two processes of ischemia and focal nerve compression (FNC) were different. In ischemia, 
the metabolic byproducts, such as H+, accumulate and potentially interfere with parameters 
that determine axonal excitability. But during FNC where focal ischaemia appeared to be 
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Copy permission from publisher (John Wiley and Sons) via Copyright Clearance Center's 
RightsLink service from the article by Hann S.E, J Physiol 588.10 (2010) pp 1737–1745. 
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rapid rate of CSAP recovery observed with release of FNC. More future study is needed in 
the field of molecular basis of paresthesia, as it seen to be the basis in normal axons in 
healthy human being.   
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Post-operative pain after thoracic surgery is particularly intense and prolonged when 
compared with other surgical procedures; different stimuli such as rib spreading, costo-
chondral dislocation, muscle division, use of diathermy, pleural trauma, pleural drains and 
subsequent neuroma formation, may play all a part in the development of post-thoracotomy 
pain.  
The origin of pain after thoracic procedures is complex because there is a nociceptive excess 
carried by somatic and visceral fibers and a major neuropathic component. 
According to the IASP (International Association of Pain), the post-thoracotomy pain 
syndrome is defined as the recurrence or persistence of pain more than two months after 
thoracotomy, without any recurrence of the disease. Neuropathic features as sensations of 
dysesthesia, allodynia or burning can be found in 35% to 83% of cases (Maguire et al., 2006).  
Dysaesthesia, which is frequently associated with chronic neuropathic pain, can occur in the 
form of heightened or diminished skin sensation: hypoesthesia (diminished sensation), 
hypoalgesia (diminished sensation from a painful stimulus), allodynia (pain from a stimulus 
that is not normally painful) and hyperalgesia (increasing sensation from a painful stimulus). 
Therefore, dysaesthesia in the early postoperative period may predict chronic pain. 
Intercostal nerve damage may cause neuropathic pain through peripheral and central 
mechanisms. Neuropathic pain is characterized by an area of abnormal pain sensation  
co-existing with another area of sensory deficit. Often this is accompanied by a hyperpathic 
state including allodynia and hyperalgesia. Paresthesia has been defined as numbness or 
disordered sensation causing chest wall discomfort which the patient can distinguish clearly 
from the wound pain.  
Rogers et al., 2000, describes chronic post-thoracotomy pain as a continuous dysaesthetic 
burning and aching pain in the general area of the incision that persists at least 2 months 
after thoracotomy. It occurs in approximately 50% of patients after thoracotomy and is 
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burning and aching pain in the general area of the incision that persists at least 2 months 
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Gotoda et al., 2001, studied 85 patients for persistent post-thoracotomy pain; a year after 
surgery, 35 patients (41.17 %) suffer persistent pain; 24 patients reported paresthesia-
dysesthesia and 14 patients complained of hypoesthesia. Clinical time course and symptoms 
indicate that nerve impairment rather than simple nociceptive impact may be involved in its 
etiology. 
2. Intercostal nerve impairment assessment  
The mechanisms producing chronicity in post-thoracotomy acute pain are complex and 
usually invoke intercostal nerve damage with a central sensitization phenomenon. 
Direct injury of the intercostal nerve during thoracic surgery is not needed for symptoms to 
appear; the use of ratcheted rib spreaders may induce intercostal neuropathy some distance 
from the surgical site. 
Benedetti et al., 1997, assessed intercostal nerve impairment after posterolateral thoracotomy 
measuring the superficial abdominal reflexes using electrophysiological techniques. They 
found a close correlation between pain intensity after posterolateral thoracotomy, absence of 
abdominal reflexes and less effective opioid response; the higher pain intensity with the 
absence of reflexes may be due to a larger neuropathic component.  
Quantitative and selective assessment of intercostal nerve-fiber damage can be tested with a 
neurometer; current perception threshold values with 2000, 250 and 5 Hz stimuli indicate 
functions of Aβ, Aδ and C fibers respectively. Aβ fibers are large fibers responsible for touch 
and pressure sensation. Aδ fibers are small myelinated fibers responsible for sharp pain 
sensation. C fibers are umyelinated fibers responsible for sensing temperature and dull pain.  
Intercostal nerve function was recently assessed (Miyazaki et al., 2011) after three different 
thoracic surgical procedures: video-assisted thoracic surgery (VATS), video-assisted 
minithoracotomy with metal retractor and conventional thoracotomy.  
VATS group showed no changes in any current threshold values and no residual pain more 
than 12 weeks after surgery. The video-assisted minithoracotomy with metal retractors 
group and the conventional thoracotomy group showed significantly higher current 
perception threshold values at 2000 Hz, 1 week after surgery with pain in approximately 70 
% of patients 12 weeks after surgery. 
The results of this study showed that the function of myelinated fibers (Aβ and Aδ) was 
significantly impaired following surgery with metal rib retractors. 
Rogers et al., 2002, registred nerve motor evoked potentials intraoperatively in order to 
identify intercostal nerve injury during thoracotomy; after the rib retractor was removed 
there was a total conduction block in the nerve immediately above the incision in every 
patient; if compression and ischaemia is applied to a nerve, neuropraxia will develop at a 
rate dependent upon severity of the insult.  
Neuropraxia will resolve if the compression is removed in a short period of time and the 
nerve is allowed to recover. However, if the compression persists, then the neuropraxia 
becomes permanent as the nerve dies and loses its function.  
 
Chest Wall Paraesthesia After Thoracic Surgery 
 
19 
Another intra-operative intercostal nerve conduction study, revealed that nerve injury 
occurs either as a discrete block at the site of the retractor only, but conducts either side of 
this point or fails along the whole length of the nerve; These patterns of nerve injury are 
caused for two different mechanisms of injury: direct pressure on the nerve by the retractor 
causing a discrete point of trauma that is likely to develop relatively quick, and whilst 
traction on the nerve causing a much slower onset injury affecting the whole nerve, 
probably due to ischaemia of the persistently stretched tissues (Maguire et al., 2006).  
3. Thoracic surgical procedures 
Conventional thoracotomy requires a skin incision greater than 8 cm, either if a 
posterolateral or an axillary approach was chosen. For the posterolateral incision, the 
latissimus, trapezius, and rhomboid muscles were divided; for the axillary incision only the 
serratus anterior muscle was split.  
Muscle-sparing thoracotomy technique preserves the latissimus dorsi and serratus anterior 
muscles; after both muscles attachments are mobilized, latissimus dorsi muscle is retracted 
posteriorly and serrratus anterior muscle is retracted forward.  
Minithoracotomy is a 7-8 cm chest wall incision for video-assisted procedures using several 
ports, two small metal retractors and a wound retractor. 
Video-assisted thoracic surgery (VATS) procedures were performed by visualization 
through a television monitor; in most cases four or five ports were used and the main skin 
incision was just 4-5 cm long to remove the lung from the chest cavity with a wound 
retractor. 
Benedetti et al., 1998, analyzed the degree of intercostal nerve impairment comparing 
posterolateral thoracotomy and muscle-sparing thoracotomy, correlating the nerve damage 
with long-lasting post-thoracotomy pain. The neurophysiologic recording performed 1 
month after either posterolateral or muscle-sparing thoracotomy showed that patients who 
underwent a posterolateral thoracotomy had a higher degree of intercostal nerve 
impairment than the muscle sparing thoracotomy patients as revealed by disappearance of 
the abdominal reflexes, a larger reduction in amplitude of somatosensory-evoked potentials, 
and a larger increase of the sensory thresholds to electrical stimulation for both tactile 
perception and pain. 
On the other hand, Khan et al., 2000, compared the early and/or late post-operative pain in 
posterior auscultation triangle thoracotomy incision (muscle-sparing) with full 
posterolateral thoracotomy (where latissimus dorsi muscle is always cut across its full 
width). They concluded that early and late post-thoracotomy pain and paraesthesia 
affecting the area of skin incision and anterior chest wall above and medial to the incision 
were similar in both incisions. 
Similarly, Landreneau et al., 1996, compared the relative efficacies and rates of occurrence of 
acute or chronic morbidity after muscle-sparing thoracotomy (axillary or lateral) vs. 
standard lateral thoracotomy. There were no differences between thoracotomy approaches 
in any of the other primary acute postoperative variables analized (chest tube duration, 
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The frequencies of chronic pain and shoulder dysfunction assessed 1 year after operation 
were also similar between thoracotomy groups. 
Division of serratus anterior and the latissimus dorsi muscles during posterolateral 
thoracotomy is thought to be related with major postoperative acute and chronic pain. 
In muscle-sparing thoracotomy, usually two rib retractors are used instead just one: a small 
Finochietto rib retractor is positioned within the interspace to widen the intercostal opening; 
then, a second Finochietto retractor is positioned in a right-angled overlapping fashion with 
respect to the first retractor to displace the serratus anterior and the latissimus dorsi muscles 
posteriorly and the pectoralis major muscle anteriorly. During muscle-sparing incisions is 
necessary to spread the ribs wider apart than in a posterolateral thoracotomy in order to 
compensate for diminished field of view; in addiction, the use of two rib retractors to 
displace muscles cause injury to the nerves that would affect muscle function. The most 
obvious example of this would be injury to the long thoracic nerve, with resulting winged 
scapula.  
3.1 Intercostal nerve protecting surgical techniques 
The nerve damage is not significantly associated with most factors except for the technique 
of closure of the intercostal space: interrupted pericostal sutures are associated with 78% of 
the low nerve damage and 40% of the high nerve damage. 
There are a few prospective studies regarding intercostal nerve protection during 
thoracotomy closure. Cerfolio et al., 2003, operated on 140 patients who underwent chest 
closure with pericostal sutures (placed on top of the fifth and seventh ribs) and compared to 
another 140 patients who underwent chest closure with intracostal sutures (placed on top of 
the fifth rib and through the small holes drilled in the bed of the sixth rib). They concluded 
that intracostal sutures were less painful than pericostal sutures, as evaluated at 2 weeks, 1 
month, 2 months and 3 month after thoracotomy. 
More recently, Bayram et al., 2011, compared two groups of patients who underwent 
posterior muscle-sparing minithoracotomy in the fifth interspace; in the patients of the 
group A, two holes were drilled into the sixth rib and sutures were passed through these 
holes and were circled from the upper edge of the fifth rib, thereby compressing the 
intercostal nerve underneath the fifth rib. In the group B, the intercostal muscle 
underneath the fifth rib was partially dissected along with the intercostal nerve, 
corresponding to the holes on the sixth rib, preventing fifth intercostal nerve compression. 
Patients of the group B had less post-operative pain as showed lower visual analog scores 
(VAS) at rest and during coughing. 
The conception of a single intercostal nerve running the length of the space is incorrect. 
Before reaching the angle of the rib, the trunk of the intercostal nerve gives off a branch to 
the external intercostal muscle and then divides into three main branches:  
An upper branch (anterior cutaneous) which occupies the subcostal groove and is the 
principal or main nerve. 
A lower branch which runs for a varying distance along the upper border of the rib below 
(collateral nerve). 
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An intermediate, the lateral cutaneous branch, which remains in the deep plane with the 
other branches until it reaches the level of its exits from the space, where it pierces the 
internal and external intercostal muscles obliquely ( Davies et al, 1932).  
In a recent report (McAllister et al, 2011), cadaveric dissections of the 11th intercostal space 
were performed to characterize intercostal nerve, artery and vein in relationship to the 11th 
and 12th ribs, in order to access the upper pole of the kidney and realize percutaneous 
nephrolitostomy. Access placements lateral to the paraspinous muscles and in the lower half 
of the 11th intercostal space may decrease damage to the intercostal artery and nerve. So far, 
there are not similar studies in chest wall anatomy to reduce the damage of the intercostal 
nerves in VATS. 
3.2 Video-Assisted Thoracic Surgery 
Video-Assisted Thoracic Surgery (VATS) strongly reduces patient postoperative pain, 
hospital stay and analgesic requirements when compared to open surgery (Hazelrigg et al., 
2000); however, over 50% of patients treated by VATS for spontaneous pneumothorax, 
complain of post-operative chest wall paresthesia related to the portal sites (Sihoe et al., 
2004). 
In order to improve the results of VATS, smaller instruments and scopes had been used.  
Needlescopic instruments (2 mm) have been applied in treating primary spontaneous 
pneumothorax resulted in better cosmesis and less postoperative pain (Chen et al., 2003).  
However, the incidence and nature of paresthesia remains similar even if the level of 
surgical trauma is further reduced by performing needlescopic VATS. After a needlescopic 
VATS sympathectomy (T2-T4) for palmar hyperhidrosis study, Sihoe et al., 2005, founded 
that 50% of patients complained of some type of paresthesic discomfort in the chest: bloating 
(41.2%), pins and needles (35.5%) or numbness (23.5%).  
Moreover, pre-emptive wound infiltration with local anesthetic (0.5% bupivacaine) 
reduced post-operative wound pain but not reduced chest wall paresthesia in patients 
who underwent needlescopic VATS sympathectomy for palmar hyperhidrosis (Sihoe et 
al., 2007).  
It may be hypothesized that perhaps the local anesthesia was effective in blocking the 
sensitization to pain by sharp wound incision, but was less effective in preventing 
paresthesia which results from blunt trauma and compression to the intercostal nerves. 
Although VATS is a minimal invasive surgery procedure, it not eliminates intercostal nerve 
injury since the scopes are heavily manipulated during procedure, which may cause the 
nerve to be crushed against the adjacent rib (figure 1). 
Nowdays trend in VATS is to use fewer working ports to reduce even more postoperative 
pain, chest wall paresthesia and hospital stay.  
One study compared one and two ports techniques for VATS thoracic sympathectomies; 
one-port group showed advantages in terms of hospital stay, rate of post-operative 
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Fig. 1. Intercostal nerve compressed (black arrows) between a rigid port and the 5th rib. 
In 1998 was described for the first time the technique of single incision thoracic surgery for 
pneumothorax in six patients (Yamamoto et al., 1998). The authors were able to introduce a 
bronchoscope, a grasper and a stapler through a 2 cm long incision in the fifth intercostal 
space in the midaxillary line.  
In other report, single incision VATS technique for spontaneous pneumothorax was used in 
16 patients and compared retrospectively to 19 patients who underwent the standard three 
ports VATS technique; single incision VATS group showed less postoperative pain and 
lower incidence of residual paresthesias (Jutley et al., 2005). 
A prospective no randomized trial, compared 28 patients operated on for spontaneous 
pneumothorax performing single incision thoracic technique (without protecting sleeves) 
with23 patients operated on with the standard three port VATS technique; the authors 
reported no increase of surgical costs, shorter hospital stay and decreased rate of chest wall 
paraesthesias (35%), in the single incision group (Salati et al., 2008). 
The authors (Berlanga & Gigirey, 2011), reported an original technique of uniportal VATS 
for spontaneous pneumothorax using a single flexible laparoscopic in thirteen patients 
(Figure 2); three patients (23%) presented mild chest wall paresthesia (numbness); two of 
them were transient paresthesias and the other one was successfully treated whit a eight-
week course of Gabapentin (900 mg/day in 3 doses).  
The use of this single flexible port (SILS port™) in VATS procedures protects the intercostal 
nerves from compression due torquing of the camera or instruments and therefore reduces 
postoperative pain and rate of residual chest wall paresthesias.  
 




Fig. 2. Thoracoscope, stapler and endograsper introduced through the SILS™ port, lined up 
along the intercostal space. 
Trauma to the intercostal nerves should be minimized by using 5 mm ports for thoracoscope 
and instruments whenever possible. The long-standing presence of the 10 mm thoracoscope 
torquing in a small intercostal space could well be responsible for the chronic pain syndrome. 
Large port sleeves should be avoided with the only exception to the 12 mm port for the 
linear stapler; however the stapler does not remain in the intercostal space for any 
prolonged time.  
4. Pre-operative prediction of postoperative chronic pain 
Pre-operative pain is one of the best predictors of severe pain in the early post-operative 
period; a possible explanation for that is that chronic noxious afferent input has produced 
neuroplastic changes in the spinal cord (sensitization by upregulation of receptor 
subsystems) that become manifest as relatively hyperpathic state in the post-operative 
period. One clinical trial has demonstrated that the severe post-operative pain early after 
awakening from general anesthesia can be predicted at the pre-operative visit with a 
scoring rule, using the pain domain of the quality of life questionnaire Short form 36  
(SF-36) and the Amsterdam Pre-operative Anxiety and information scale (APAIS), 
(Kalkman et al., 2003). 
The transition of acute to chronic post-surgical pain is a complex and poorly understood 
process, involving biological, psychological and social-environmental factors. Several 
psychosocial predictors of chronic post-surgical pain have been identified, including 
increased pre-operative state anxiety, an introverted personality, social support, fear of 
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5. Pre-emptive analgesia 
Maybe the major justification for using pre-emptive anesthesia in thoracic surgery, is the 
clinical evidence that the decrease in acute post-thoracotomy pain may result in decreased 
risk of chronic post-thoracotomy pain syndrome. 
The factors that affect the transition from acute to chronic pain, were studied in thirty 
patients who had undergone lateral thoracotomy. Fifty-two percent of these patients 
reported long-term pain. Early post-operative pain was the only factor that significantly 
predicted long-term pain. Pain intensity 24 h after surgery, at rest, and after movement, was 
significantly greater among patients who developed long-term pain compared with pain-
free patients (Katz et al., 1996). 
Thoracic surgery patients treated with multimodal pre-emptive analgesia with morphine, 
indomethacin and intercostal nerve blockage with 0.5 % bupivacaine, have shown no 
differences when comparing to control group in regard to postoperative pain VAS scores, 
PaCO2 values or postoperative spirometry (Kavanagh et al.,1994). 
The pre-emptive effects of administering a 72-h epidural infusion of mepivacaine, beginning 
before surgery were compared to a postoperative epidural mepivacaine infusion in 70 
patients who underwent thoracotomy. Follow-up at 3 and 6 months showed a significant 
reduction in the incidence of chronic post-thoracotomy pain in the group of patients that 
received the epidural before surgery (Obata et al.,1999). 
Similarly, other authors have found satisfying results with pre-operatively initiated thoracic 
epidural analgesia in controlling post-thoracotomy pain in the acute and long-term period; 
they founded decreased incidence and intensity of chronic pain when compared to post-
operative epidural or IV analgesia (Sentürk et al., 2002). 
Conversely, in another prospective study designed to measure the pre-emptive effect of 
thoracic epidural analgesia, there was no difference in chronic pain incidence when compared 
axillary muscle-sparing thoracotomy vs. posterolateral thoracotomy (Ochroch et al., 2005). 
Pre-emptive analgesia was intended to prevent the establishment of central sensitization 
caused by incisional and inflammatory injuries.  
The results have not shown a major impact on postoperative pain after thoracic surgery, 
especially in preventing the development of chronic pain.  
A possible explanation for the failure of pre-emptive epidural analgesia in prevent chronic 
post-thoracotomy pain is that the afferent blockage is not complete, given the variety of 
incoming stimuli that last for at least several days; in addition, is necessary a complete 
“humoral blockage” of circulating pro-inflammatory cytokines which lead to central COX-2 
induction in the CNS (IL-1β-mediated induction of COX-2), contributing to inflammatory 
pain hypersensitivity (Gerner et al., 2008). 
On the other hand, in neuropathic animal pain models using rib retractors, nearly all 
myelinated fibers are damaged during the course of allodynia and a extensive Wallerian 
degeneration was observed 14 days post-surgery; if 0.5 % bupivacaine is given systemically 
before surgery, mechanical allodynia is prevented (Shin et al., 2008).  
This antiallodynic effect of bupivacaine, could be explained by three mechanisms: 
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First, systemic anti-inflammatory action: after a peripheral nerve injury, the site of damage 
is typified by the activation of resident immune cells and recruitment and proliferation of 
nonneuronal elements like neutrophils; a number of soluble mediators can be released  
(IL-1β) which initiate and maintain sensory abnormalities after injury. Similar to high-dose 
steroids, which have been proven to contribute to analgesia, local anesthetics including 
bupivacaine, have been shown to cause anti-inflammatory effects, preventing the release of 
cytokines. 
Secondly, bupivacaine significantly inhibit N-methyl-D-aspartate (NMDA) receptors 
channel activation, which play an important role in secondary hyperalgesia and chronic 
pain syndromes.  
Finally, subanesthetic doses of local anesthetic drugs, block sodium channel suppressing 
ectopic electrogenesis and may account for analgesic and antihyperalgesic effects of these 
drugs. 
6. Antiinflamatory drugs 
Local tissue damage results in inflammation and propagation of stimuli to the central 
nervous system. These stimuli are modulated by excitatory (N-methyl-D-aspartate) and 
inhibitory (opiate) pathways. 
Elective surgery provokes an increase in the circulating cytokine levels, especially with 
regard to interleukin IL-6; the magnitude of the elevation levels is related directly to the 
degree of tissue injury. 
Nagahiro et al. 2001, showed that post-operative pain measurements in VATS patients were 
significantly less than in posterolateral thoracotomy patients; also the serum interleukin-6 
(IL-6) levels in VATS group patients were significantly decreased when compared with IL-6 
serum levels in posterolateral thoracotomy group patients. When correlation between pain 
and cytokines serum levels was studied, a significant correlation was observed with IL-10 in 
all patients.  
Analgesia with anti-inflammatory drugs may contribute to attenuate the postoperative 
inflammatory response and to prevent postoperative pain in patients undergoing 
thoracotomy. (NSAIDs) work by inhibiting the cyclooxygenase enzyme responsible for the 
release of mediators of inflammation. 
Patients undergoing thoracotomy showed reduced postoperative pain, reduced analgesic 
consumption and decreased serum levels of acute phase reactants (IL-6, CPR), when 
flurbiprofen was added to the systemic analgesic therapy (Esme et al., 2011).  
7. Neuropathic pain treatment 
Chest wall paresthesia may represent a form of neuropathy following thoracic surgery that 
requires specific treatment by nonconventional analgesics or opiates drugs. 
The prevalence of post-thoracotomy pain syndrome (PTPS) after 12-36 months of follow-up 
is persistently high; over 40% of patients still use conventional analgesics, but only 2 % use 
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Gabapentin is an anticonvulsant drug that has antinoceptive and antihyperalgesic 
properties and is effective in treating chronic neuropathic pain by acting on an specific 
receptor (alpha 2 delta subunit of presynaptic type N voltage-dependent calcium channels), 
which are overexpressed in the dorsal horn of the spinal cord and spinal ganglia in cases of 
neurological injury (Laird et al., 2000).  
There is a wide variability in gabapentin regimes depends on: pre-operative, peri-operative 
or post-operative long-term treatment, type of surgery, type of post-operative rescue 
analgesic and reported outcomes. 
Differences in gabapentin doses as well as frequency of administration will undoubtedly 
introduce disparity in the pain outcomes.  
A single pre-operative dose of gabapentin, 1200 mg or less, effectively reduced pain 
intensity and opioid consumption for the first 24 h after surgery (Ho et al., 2006).  
Turan et al., 2006, used a peri-operative regimen of gabapentin taking 1200 mg pre-
operatively, followed by 1200 mg on the morning of the first and second post-operative day.  
Others (Fassoulaki et al., 2002) gave their patients 400 mg of gabapentin the night before 
breast cancer surgery and then 400 mg three times a day for 10 days. 
Gabapentin has shown its effectiveness in the treatment of chronic pain after thoracic 
surgery decreasing, paresthesia around the wound in 75% of cases; 40% of the patients 
reported at least one minor side effect during treatment (somnolence or dizziness), but only 
in 6.7% of the patients, gabapentin had to be discontinued because of intolerance of side 
effects (Sihoe et al., 2006). 
Effectiveness of gabapentin was also studied in the treatment of chronic post-throracotomy 
pain and compared with NSAIDs. Forty patients with posterolateral or lateral thoracotomy 
were prospectively studied to compare safety and efficacy of gabapentin to naproxen sodium.  
Post-operative pain was evaluated by Virtual Analogue Scale (VAS) and the Leeds 
Assessment of Neuropathic Symptoms and signs (LANSS). At the latest follow up (60th 
day), the percentage of patients with VAS<5 was 85% in the gabapentin group and 15% in 
the naproxen group; similarly, the percentage of patients with LANSS score <12 was 85% in 
the gabapentin group and 0% in the naproxen group (Solak et al., 2007). 
Pregabalin is another drug related to Gabapentin, indicated for neuropathic diabetic or 
postherpetic pain, but is not been well-studied in thoracic surgery patients. 
7.2 Capsaicin 
Topical capsaicin has been used as treatment for certain neuropathic pain states.  
Its mechanism of action appears to be based on selective stimulation of the neurons of 
amyelinic fibers C, causing the release of substance P, which would disturb pain 
transmission to central system causing a desensitization phenomenon. 
Peripheral neuropathic hypersensitivity is mediated by diverse mechanisms including 
altered expression of the capsaicin receptor TRPV1 or other key ion channels in affected or 
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intact adjacent peripheral nociceptive nerve fibers, aberrant re-innervation and collateral 
sprouting, all of which are defunctionalized by topical capsaicin. 
However, there are two major limitations to its use. First, modest efficacy of low-
concentration capsaicin formulations that are commercially available so far (1% or less), 
which require repeated daily self-administration. Second, compliance is poor because of 
intense initial burning effects.  
Initial experiences with Capsaicin treatment at high doses (5 - 10 %) require regional 
anesthesia to tolerate side effects (Robbins et al., 1998). 
High dose (8%) concentration of capsaicin patch was recently approved in the EU and USA, 
a single 60-min application in patients with neuropathic pain produced effective pain relief 
for up to 12 weeks. Advantages of the high-concentration capsaicin patch include longer 
duration of effect, patient compliance and low risk for systemic effects or drug–drug 
interactions (Anad et al., 2011). 
8. Myofascial associated pain  
Post-operative pain in thoracic surgery is mainly nociceptive; however prolonged central 
sensitization evidenced as hyperalgesia does occur after surgical trauma and intercostal 
nerve damage; in addition, nonneuropathic pain can also occur following thoracic surgery.  
Hamada et al. 2000, studied several patients with post-operative chronic pain (PTPS) in 
which myofascial pain was thought to be a causative component of post-thoracotomy pain 
syndrome. A trigger point in a taut muscular band within the scapular region was founded 
in 67% of these patients and was effectively treated with injections of 0.5% bupivacaine. The 
authors recommended that all PTPS patients should be examined in detail to determinate 
whether there is a trigger point in the scapula region. 
9. Surgical treatment for chronic thoracic pain 
Patients with chronic post-operative intercostal neuralgia that not response to medical 
treatment are candidates to surgical neurectomy. A recent study showed a successfully 
treatment in 5 patients with neurectomy proximal to the intercostal neurinoma of one or 
more intercostal nerves and implantation of the cut nerve into the latissimus dorsi muscle 
(Williams et al., 2008). 
The site of resection along the course of the intercostal nerves is choosed depending upon 
the location of the patient´s symptoms and the known anatomy of these nerves; if the 
patient has a pain in a dermatomal pattern but no motor weakness, it may be possible spare 
the motor portion of the intercostal nerve by resecting only the perforanting lateral 
cutaneous branch. If the motor function is nonfunctional or is expendable, then the entire 
intercostal nerve may be resected proximal to the lesion. If the pain is located only 
anteriorly, then only the anterior cutaneous branch maybe injured. 
For patient who fails to improve after resection of intercostal nerves, there is still the 






Gabapentin is an anticonvulsant drug that has antinoceptive and antihyperalgesic 
properties and is effective in treating chronic neuropathic pain by acting on an specific 
receptor (alpha 2 delta subunit of presynaptic type N voltage-dependent calcium channels), 
which are overexpressed in the dorsal horn of the spinal cord and spinal ganglia in cases of 
neurological injury (Laird et al., 2000).  
There is a wide variability in gabapentin regimes depends on: pre-operative, peri-operative 
or post-operative long-term treatment, type of surgery, type of post-operative rescue 
analgesic and reported outcomes. 
Differences in gabapentin doses as well as frequency of administration will undoubtedly 
introduce disparity in the pain outcomes.  
A single pre-operative dose of gabapentin, 1200 mg or less, effectively reduced pain 
intensity and opioid consumption for the first 24 h after surgery (Ho et al., 2006).  
Turan et al., 2006, used a peri-operative regimen of gabapentin taking 1200 mg pre-
operatively, followed by 1200 mg on the morning of the first and second post-operative day.  
Others (Fassoulaki et al., 2002) gave their patients 400 mg of gabapentin the night before 
breast cancer surgery and then 400 mg three times a day for 10 days. 
Gabapentin has shown its effectiveness in the treatment of chronic pain after thoracic 
surgery decreasing, paresthesia around the wound in 75% of cases; 40% of the patients 
reported at least one minor side effect during treatment (somnolence or dizziness), but only 
in 6.7% of the patients, gabapentin had to be discontinued because of intolerance of side 
effects (Sihoe et al., 2006). 
Effectiveness of gabapentin was also studied in the treatment of chronic post-throracotomy 
pain and compared with NSAIDs. Forty patients with posterolateral or lateral thoracotomy 
were prospectively studied to compare safety and efficacy of gabapentin to naproxen sodium.  
Post-operative pain was evaluated by Virtual Analogue Scale (VAS) and the Leeds 
Assessment of Neuropathic Symptoms and signs (LANSS). At the latest follow up (60th 
day), the percentage of patients with VAS<5 was 85% in the gabapentin group and 15% in 
the naproxen group; similarly, the percentage of patients with LANSS score <12 was 85% in 
the gabapentin group and 0% in the naproxen group (Solak et al., 2007). 
Pregabalin is another drug related to Gabapentin, indicated for neuropathic diabetic or 
postherpetic pain, but is not been well-studied in thoracic surgery patients. 
7.2 Capsaicin 
Topical capsaicin has been used as treatment for certain neuropathic pain states.  
Its mechanism of action appears to be based on selective stimulation of the neurons of 
amyelinic fibers C, causing the release of substance P, which would disturb pain 
transmission to central system causing a desensitization phenomenon. 
Peripheral neuropathic hypersensitivity is mediated by diverse mechanisms including 
altered expression of the capsaicin receptor TRPV1 or other key ion channels in affected or 
 
Chest Wall Paraesthesia After Thoracic Surgery 
 
27 
intact adjacent peripheral nociceptive nerve fibers, aberrant re-innervation and collateral 
sprouting, all of which are defunctionalized by topical capsaicin. 
However, there are two major limitations to its use. First, modest efficacy of low-
concentration capsaicin formulations that are commercially available so far (1% or less), 
which require repeated daily self-administration. Second, compliance is poor because of 
intense initial burning effects.  
Initial experiences with Capsaicin treatment at high doses (5 - 10 %) require regional 
anesthesia to tolerate side effects (Robbins et al., 1998). 
High dose (8%) concentration of capsaicin patch was recently approved in the EU and USA, 
a single 60-min application in patients with neuropathic pain produced effective pain relief 
for up to 12 weeks. Advantages of the high-concentration capsaicin patch include longer 
duration of effect, patient compliance and low risk for systemic effects or drug–drug 
interactions (Anad et al., 2011). 
8. Myofascial associated pain  
Post-operative pain in thoracic surgery is mainly nociceptive; however prolonged central 
sensitization evidenced as hyperalgesia does occur after surgical trauma and intercostal 
nerve damage; in addition, nonneuropathic pain can also occur following thoracic surgery.  
Hamada et al. 2000, studied several patients with post-operative chronic pain (PTPS) in 
which myofascial pain was thought to be a causative component of post-thoracotomy pain 
syndrome. A trigger point in a taut muscular band within the scapular region was founded 
in 67% of these patients and was effectively treated with injections of 0.5% bupivacaine. The 
authors recommended that all PTPS patients should be examined in detail to determinate 
whether there is a trigger point in the scapula region. 
9. Surgical treatment for chronic thoracic pain 
Patients with chronic post-operative intercostal neuralgia that not response to medical 
treatment are candidates to surgical neurectomy. A recent study showed a successfully 
treatment in 5 patients with neurectomy proximal to the intercostal neurinoma of one or 
more intercostal nerves and implantation of the cut nerve into the latissimus dorsi muscle 
(Williams et al., 2008). 
The site of resection along the course of the intercostal nerves is choosed depending upon 
the location of the patient´s symptoms and the known anatomy of these nerves; if the 
patient has a pain in a dermatomal pattern but no motor weakness, it may be possible spare 
the motor portion of the intercostal nerve by resecting only the perforanting lateral 
cutaneous branch. If the motor function is nonfunctional or is expendable, then the entire 
intercostal nerve may be resected proximal to the lesion. If the pain is located only 
anteriorly, then only the anterior cutaneous branch maybe injured. 
For patient who fails to improve after resection of intercostal nerves, there is still the 





10. Immunology  
Hyperalgesia is commonly found in inflammatory pain conditions where damaged tissue is 
infiltrated with immune system cells, releasing a variety of soluble mediators that act on 
peripheral neurons. Allodynia may occur when nerves themselves are damaged 
(neuropathic pain) which occurs in situations such as diabetic neuropathy, HIV-associated 
neuropathy, or after surgical trauma. 
Many inflammatory mediators (IL-1 and PGE2) act direct on sensory neurons and though 
cascades of second messengers and kinases, altering the sensitivity of both primary 
transducing receptors and sodium channels required for action potential transmission.  
Pro-inflammatory cytokines can also directly activate and modify gene expression in 
sensory neurones, and there are several sources of these molecules in close proximity to 
peripheral nerves. Schwann cells, which have often been thought of having only a passive 
support role for peripheral nerves, are able to secrete pro-inflammatory cytokines, including 
via a purinergic P2X7-mediated mechanism (Samad et al., 2001). 
Administration of growth factors, such as glial cell line-derived neurotrophic factor (GDNF), 
could prevent injury-induced transcriptional changes in sensory neurons. Other treatment 
modalities include the prevention of microglial activation with drugs like minocycline or 
neuroprotective strategies designed to prevent apoptosis in the dorsal root ganglion or 
dorsal horn. 
Some experimental trials have shown the effects of receptor potential vanilloid 1 (TRPV1) 
antagonist in regard to improve post-operative analgesia or to reduce the mechanical 
allodynia. 
The analgesic effects of a recently developed transient receptor potential vanilloid 1 (TRPV1) 
antagonist (AMG0347) were studied in an experimental model of incisional pain (Wu C, et 
al., 2008). The authors founded that AMG0347 decreased capsaicin-induced heat and 
mechanical hyperalgesia and blocked central and peripheral TRPV1 receptors. 
Resiniferatoxin (RTX) is very potent vanilloid receptor against molecularly analogous to 
capsaicin that causes a slow sustained activation of transient receptor potential vanilloid1 
(TRPV-1) receptor.  
However, RTX has shown controversial results regarding its use in the treatment of 
experimental models of chronic pain. Others authors reported that RTX intercostal injections 
causes a transient hyperalgesic response in injured animals and is ineffective in reducing the 
mechanical allodynia after thoracotomy (Shin et al., 2010). 
11. Genetics 
Pain perception is one of the most complicated measurable traits because there is an 
aggregate of several phenotypes associated with peripheral and central nervous system 
dynamics, stress responsiveness and inflammatory state. 
The manner in which an individual experiences pain and the magnitude of the response to a 
given pain stimulus may reflect a genetic “set point” in pain sensitivity, irrespective of the 
degree of tissue damage or inflammation (Diatchenko et al., 2007). 
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Genetic association studies of pain pathways have complemented the traditional neuroscience 
approaches of electrophysiology and pharmacology and may point to the novel molecules that 
mediate neuropathic pain, facilitating its understanding and management. 
Recent candidate gene studies have identified and replicated the first associations between 
several common polymorphisms and pain severity in humans. 
Certain allelic variants of the MHC could influence susceptibility to develop and maintain 
neuropathic pain-like behavior following peripheral nerve injury (Dominguez et al., 2008). 
Human genome-wide association studies of pain phenotypes might identify novel analgesic 
targets, help to prioritize research among current targets, and increase the likelihood of 
success for analgesics candidates emerging from animal studies. 
A range of genetic variations that alter the effectiveness of analgesic drugs, have been 
identified. In particular, polymorphisms of the cytochrome P450 enzymes (CYP), which play 
a key role in the metabolism of many drugs, can affect the efficacy of opiates and NSAIDs. 
There are some critical regulators of altered pain states, including genes nor normally 
expressed in the nervous system, but present in cells of the immune system that also are 
activates in situations of tissue damage. For example, P2RX7, an ATP receptor absent from 
neurons but present on macrophages and microglia, which is essential for altered 
inflammatory or neuropathic pain (Foulkes et al., 2008). 
In another experimental model of incisional pain, was demonstrated that the heat allodynia 
and spontaneous firing of impulses in C-fibers innervating the skin adjacent to the incision, 
depend on Vanilloid 1 transient receptor potential (Trpv1) receptors, and the allodynia and 
firing of C-fibers were much reduced in Trpv1 gene knockout mice (Banik et al., 2009). 
12. Conclusion 
The sensation of pain in response to a normal non-painful stimulus (allodynia) or to an 
exaggerated response to slightly painful stimulus (hyperalgesia), especially when 
accompanied by numbness, is considered diagnostic for nerve injury. 
Although no one thoracic surgical technique has been proved to decrease the incidence of 
chronic pain, intercostal nerve damage due to rib retraction seems involved in the 
development of neuralgia. 
Video-assisted thoracic surgery reduces postoperative pain, analgesic requirements, hospital 
stay and the rate of chest paresthesias when compares to open thoracic surgery; residual 
chest wall paresthesias rate reduces more with the use of flexible ports and uniportal 
techniques than with the use of needlescopic instruments. 
Neuropathic postoperative pain should be identified and treated with anticonvulsant drugs 
(gabapentin, pregabalin); topical treatment with high dose capsaicin patchs is a value 
complement. 
Future clinical researches in genetics and immunology will help to identify susceptible 
phenotypes, polymorphisms and allelic variants associated to develop neuropathic pain, as 
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1. Introduction  
Paraesthesia is commonly defined as an abnormal altered sensation ranging from 
numbness, to burning, tingling or continual pain (Garisto et al. 2010). In regional anaesthesia 
there should also be ”neural” quality as introduction of a needle can induce other causes of 
pain e.g. skin, tissue or bone contact. So the definition is slightly modified to a burning, 
shooting or electric sensation or pain usually radiating periferically e.g. to arms, legs or 
buttocks (Aldrete 2003; Pong et al. 2009).  
The aetiology of paraesthesia related to regional anaesthesia is not fully understood. Direct 
trauma to nerves, local haemorrhage, hydrostatic pressure and neurotoxicity from the local 
anaesthetic or other injected substances like preservatives and anti-microbial additives may 
all play a part in the spectrum (Aldrete 2003; Garisto et al. 2010). 
During the performance of regional anaesthesia paraesthesia is a frequently reported 
phenomenon. In the context of paraesthesia two modalities of regional anaesthesia have to 
be discussed, i.e. the peripheral nerve or conduction block and neuraxial procedures. Both 
have their own specific clinical indications, applications and complications. 
Pathophysiology of peripheral nerve injury and spinal cord injury is very similar. However 
due to the difference in anatomical considerations and applied techniques it will be 
discussed separately. 
2. Peripheral nerve blocks 
Peripheral nerve blocks are used to anaesthetize a part of the body, to avoid or complement 
general anaesthesia and to benefit from good pain relief postoperatively. They can be used 
for a wide range of unilateral procedures localized a limited body area varying from local 
eye blocks to regional anaesthesia of upper or lower extremities and even a block of the 
abdominal wall is possible. These nerve blocks can be performed at any level in the course 
of a peripheral nerve e.g. the radial nerve can be anaesthetized at the level of the brachial 
plexus, the elbow or at the wrist, separately or in adjunct to general anaesthesia. Currently 
there is an increased interest in all kind of new techniques e.g. transverse abdominus plain 
(TAP), ilioinguinal, iliohypogastric, lumbar plexus, psoas and paravertebral blocks and the 
continuous use of peripheral nerve catheters in the ambulatory setting is advocated (Lee et 
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2.1 Techniques and approaches localizing peripheral nerves 
There are several techniques to localize peripheral nerves: blind techniques, fascial pops, 
eliciting paraesthesia, trans- and peri-vascular approaches, electrical nerve stimulation, 
ultrasound/ ultrasonography with or without electrical nerve stimulation, computer 
tomography (CT) and magnetic resonance imaging (MRI). The first mentioned techniques 
are frequently used, however in daily clinical practice CT and MRI are nor practically nor 
workable in the care of the patient (Wedel 2008). 
In earlier times elicting paraesthesia was the only way to localize a nerve to perform a 
peripheral conduction block. Currently more sophisticated techniques are available to clinical 
practice. Electrical nerve stimulation to elict a motor response of a peripheral nerve is 
commonly used. However, both techniques are depending on anatomical landmarks and so 
essentially blind with regard to the nerve itself. The required proximity of the needle to the 
intended nerve is accompanied by the risk of nerve contact, puncture and damage of related 
structures. With the use of ultrasound techniques are not blind anymore. Nerves, muscles, 
blood vessels, pleura and even the spread of local anaesthetic peri-neurally can be visualised 
(Jeng & Rosenblatt 2011; Marhofer et al. 2010). This does not imply that these techniques are 
without complications. Although none of the patients suffered from postoperative 
neurological complications an incidence of unintentional intraneural injection of 17% was 
reported for ultrasound guided interscalene and supraclavicular nerve blocks (Liu et al. 2011). 
There are no safety data available to support one of the mentioned techniques (Chin & 
Handoll 2011) No technique is proven superior regarding safety and efficacy results are 
inconsistent (Horlocker 2010). However ultrasounds block peripheral nerve localization 
showed improved efficacy compared to electrical nerve stimulation techniques in several 
systematic reviews (Abrahams et al. 2009; Neal, J. M. et al. 2008).  
2.2 Paraesthesia and peripheral nerve injury 
Fortunately serious neurological complications associated with regional anaesthesia are 
rare. But this makes it difficult to obtain reliable data about the actual incidence of 
peripheral nerve block related neurological symptoms. Recent prospective studies reported 
an incidence of postoperative neurological symptoms between 8-11% direct postoperatively 
to 0.6% at 6 months (Fredrickson & Kilfoyle 2009; Liu et al. 2009). The majority of the 
patients reported transient neurological symptoms varying from tingling to paraesthesia 
resolving between a few days and several months. In France 2.4 serious injuries per 10.000 
peripheral nerve blocks were reported (Auroy et al. 2002) It was noted that in case of serious 
injury or severe neurological complications, they were often related to paraesthesia during 
needle insertion or pain during injection of the local anesthetics (Auroy et al. 1997). Though 
permanent neurological injury after a peripheral nerve block is rare neuropathy was 
reported < 3:100 (Brull et al. 2007). Recently a prospective Australian audit of more than 
7000 peripheral nerve and plexus blocks showed and incidence of 0.4 block related nerve 
injuries per 1000 blocks (Barrington et al. 2009). 
2.3 Risk factors for peripheral nerve injury 
Risk factors known to be involved in peripheral nerve injury can be divided into patient 
related, block related and surgery related risk factors. 
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2.3.1 Patient related risk factors 
In general patients who already suffer from medical conditions that affect nerve conduction 
like multiple sclerosis, diabetic neuropathy, spinal stenosis and lumbar root disease, 
neurotoxic chemotherapy and patients with peripheral vascular disease are more 
susceptible to peripheral nerve block related complications. This could be due to increased 
sensitivity of already damaged nerves or altered blood supply (Horlocker 2010; Jeng et al. 
2010). Furthermore some of the patients e.g. obese, pregnant and patients that use potent 
anti-coagulants are more prone to procedure related technical problems, haematoma and 
multiple attempts (Brull et al. 2007; Watts & Sharma 2007), which are associated with 
peripheral nerve injury. 
2.3.2 Block related risk factors 
Data from the ASA closed claims projects (Lee et al. 2011) show that upper extremity blocks 
are more associated with claims regarding nerve injuries. The most performed types of 
peripheral blocks were interscalene and axillary nerve blocks and intravenous regional 
anaesthesia. The interscalene and axillary blocks were responsible for the majority of the 
claims (42% and 26 % respectively) (Lee et al. 2011). The brachial plexus was most 
frequently involved (32%) followed by the median nerve (21%), ulnar nerve (16%), spinal 
cord (8%) and the phrenic nerve (8%) (Lee et al. 2011). One third of these injuries was 
permanent and /or disabling (Lee et al. 2011). Spinal cord injuries were all associated with 
permanent damage and were more frequently related with interscalene blocks under 
general anesthesia. In 68 % of the claims for nerve injury it was designated as block related. 
(Lee et al. 2011)  
2.3.3 Surgery related risk factors 
Surgery related risk factors are ill-defined. However there is an association with trauma. 
Symptoms can be fracture related e.g. radial nerve injury in proximal humerus fractures or 
cranial nerve injury after Le Fort I osteotomy (Kim et al. 2011). Furthermore nerve injury is 
associated with the use of surgical instruments, diathermy, stretch, nerve compression, 
ischemia, the use of a tourniquet, patient positioning e.g. lithotomy position and peripheral 
nerve protection. However in what extent which factor contributes to nerve damage is 
uncertain (Liguori 2004; Watts & Sharma 2007)  
2.4 Pathophysiology of peripheral nerve injury 
Several mechanisms of nerve injury following surgery under peripheral nerve block have 
been proposed and described but their relative significance is unknown (Hogan 2008; 
Liguori 2004).  
2.4.1 Neurotoxicity  
In cell cultures local anaesthetics in clinically used concentrations cause cytotoxic effects like 
inhibition of cell growth, necrosis and apoptosis (Hogan 2008). Furthermore local 
anaesthetics may cause neural membrane lysis due to detergent properties (Kitagawa et al. 
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and higher concentration of the local anaesthetics, with in vitro the lowest neurotoxicty for 
procaine, mepivacaine and lidocaïne compared with ropivacaine and bupivacaine (Hogan 
2008; Perez-Castro et al. 2009), however most clinical relevant toxicity is attributed to high 
concentrations of lidocaïne (Zink & Graf 2003). 
In a sciatic nerve rat model direct application of 3% 2-chloroprocaine or 1% tetracaine, but 
not 2% lidocaïne or 0.75 % bupivacaine resulted in subperineural and endoneural oedema, 
with mast cell degranulation, proliferation of endoneural fibroblasts, Schwann cell necrosis 
and axonal dystrophy (Myers et al. 1986). Animal data suggest moreover that amino-ester 
agents like procaine and tetracaine are more neurotoxic than amino-amide agents like 
lidocaïne and bupivacaine (Zink & Graf 2003). 
Other adjuvants injected together with the local anaesthetic e.g. anti-microbial preservatives 
added to multi-use vials, anti-oxidants or addition of epinephrine or bicarbonate, may also 
cause nerve damage (Hogan 2008; Zink & Graf 2003).  
2.4.2 Mechanical nerve damage 
Nerve injury from nerve contact or penetration is more likely to result due to sharp-bevelled 
needles than to blunt bevelled needles. However needle-tip penetration is not always the 
cause of nerve injury. Penetration of fascicles with or without infusion of saline did not 
result in changes in microscopy or alterations of diffusion barriers, despite high infusion 
pressures (Hogan 2008). But nerves are not homogenous structures so it is possible to 
penetrate a nerve without reaching and damaging a neuronal structure. 
High injection pressures moreover are associated with persistent neurological deficits after 
intra neural injections indicating that the surrounding perineurium is very important to 
protect the fascicles from the cytotoxic effects of the local anaesthetics (Hogan 2008; Jeng & 
Rosenblatt 2011). 
It remains unclear whether a block technique to elict paraesthesia increases the risk of 
peripheral nerve injury (Horlocker 2001). Nevertheless peripheral nerve damage remains 
associated with injection of local anaesthetic and paraesthesia or pain on injection of a local 
anaesthetic (Auroy et al. 2002; Hogan 2008). 
Other mechanisms of mechanical nerve damage include surgical trauma, peri- and post-
operative positioning and damage from tourniquets. If the latter is a result of ischemia or 
mechanical deformation is unclear. However by compression of the nerve under the edge of 
a pneumatic cuff substantial distortion of myelin lamellae and axonal shrinkage is reported 
as early as 2-4 hours after tourniquet inflation (Hogan 2008; Liguori 2004). 
2.4.3 Ischemia 
The earliest response to ischemia of a peripheral neuron is depolarisation and spontaneous 
activity, perceived by the patient as paraesthesia. Nerve function is restored completely after 
ischemia of less than 2 hours and ischemic periods to up to 6 hours failed to produce 
permanent structural nerve changes. However histological examination showed oedema 
and fiber degeneration (Hogan 2008). Ischemic injury may result from pressure and volume 
of the local anesthetic or added vasoconstrictors. Moreover local anaesthetics like lidocaïne 
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and bupivacaine decrease neuronal blood flow. However contribution of vasoconstriction to 
peripheral nerve injury has not been proved (Hogan 2008). 
Haematoma and vascular injury are difficult to classify as they may cause local ischemia but 
may provoke local high pressures as well (Liguori 2004). 
2.5 Diagnosis and management of peripheral nerve injury 
The best treatment of neurological deficit is prevention and starts with a good pre-operative 
preparation and complete documentation of the block. This includes information about the 
pre-existent condition of the patient, concomitant diseases, used techniques, local 
anaesthetics and adjuvants used, complications or difficulties during the procedure, the 
efficacy and the duration of the block and the surgical procedure. Direct postoperative 
follow-up should be performed in all patients. If symptoms occur careful physical 
examinations should be performed and an expert e.g. neurologist should be consulted. 
Electrophysiological testing should be performed to define a neurogenic basis of nerve 
damage, to localize the site of injury and to define the severity of the injury. 
If compression is suspected ultrasonography or an MRI of the plexus has to be done. 
(Borgeat 2005; Mayfield 2005; Neal, J. M. et al. 2008) 
3. Neuraxial block  
Neuraxial blocks are applied to induce anaesthesia or analgesia in a limited part of the body. 
Especially patients scheduled for major thoracic or abdominal procedures or procedures in 
the lower extremities or pelvis can benefit from these techniques.  
There are 3 techniques to provide neuraxial blockade: Spinal, epidural and a combination of 
both for longer lasting analgesia i.e. combined spinal-epidural anaesthesia (CSE) as a needle 
through needle procedure or with the insertion of a catheter at a different level (Warren 
2008). 
Spinal or dural anaesthesia implies perforation of the dura and arachnoid matter, and after 
aspiration of cerebrospinal fluid, injection of local anaesthetic. Whereas in epidural 
anaesthesia the dura remains intact. Spinal anaesthesia is restricted to the lumbar region due 
to the presence of the conus medullaris at the level of L1-L2 in the adult, but a wide 
variation exists between as high as T12 to as low as L4. Especially in patients with difficult 
surface landmarks these anatomical variations can lead to more cephalad needle placement 
than intended (Neal, J.M 2008). However recently experimental higher spinal techniques are 
described in literature (van Zundert et al. 2007).  
The epidural space can be accessed at any level up to C7 to induce a segmental anaesthetic 
block depending on the site of injection of local anaesthetics (Warren 2008). The technique 
relies on anatomical landmarks for penetration of the ligamentum flavum to localize the 
epidural space. The ligamentum flavum however fuses not always in the midline, especially 
in the upper thoracic en cervical levels. Moreover the depth of the epidural space itself 
decreases from 5-8 mm in the lumbar region to 1-2 mm in the upper thoracic and cervical 
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3.1 Paraesthesia and the neuraxial block 
In contrast to the peripheral conduction block elicting paraesthesia for neuraxial block is 
never aimed for. As there are no nerve roots in the posterior epidural space the occurrence 
of paraesthesia implies perforation of the dural sac with direct contact or puncture of the 
spinal cord, intrathecal contact with nerve roots, or, more frequently, extradurally contact 
with an exciting nerve root. Paraesthesia usually does not lead to neurological sequelae but 
is an unpleasant sensation for the patient and the significance still remains unclear (Aldrete 
2003; Neal, J.M 2008). 
3.2 Paraesthesia and spinal, epidural and combined spinal epidural anaesthesia 
Reported incidences of paraesthesia vary between 0.2 and 56% depending on approach 
(Leeda et al. 2005), patient characteristics (Hebl et al. 2010; Spiegel et al. 2009), technique 
(Hebl et al. 2006; McAndrew & Harms 2003; van den Berg et al. 2011), different catheters 
(Bouman et al. 2007; Jaime et al. 2000)and depth of insertion (Cartagena & Gaiser 2005). 
Even an incidence as high as 81% -89% was reported (Hetherington et al. 1994; van den Berg 
et al. 2005). 
The symptoms of paraesthesia during conduct of neuraxial anaesthesia are frequently mild 
and transient. However sometimes they are so intense that the procedure must be aborted. 
Fortunately the incidence of permanent neurological damage of 1:20.000-30.000 for spinal 
anaesthesia and 1:25.000 for obstetric epidurals and 1:3600 in other epidurals remains low 
(Moen et al. 2004), but in France two thirds of the patients with neurological deficits 
reported paraesthesia during needle placement or pain on injectionof local anaesthetics 
(Auroy et al. 1997). 
Moreover it seems that paraesthesia is like pre-existing neurological disease, degenerative 
spinal disease, obesity, female sex and anti-coagulation a risk factor for or an indicator of a 
complicated procedure and therefore for permanent neurological injury (Aldrete 2003; Brull 
et al. 2007; Fowler 2007). 
3.3 Transient neurological symptoms  
Transient neurological symptoms (TNS) were first reported in 1993. After an uneventful 
spinal anaesthesia and after full recovery, within a few hours symptoms of light to severe 
pain in the gluteal region (buttocks) radiating to both lower extremities start with a duration 
of 6 hours up to 5 days. Furthermore no abnormalities on neurological examination, MRI or 
electrophysiological testing should be demonstrated (Pollock 2003; Zaric & Pace 2009).  
The highest incidences of TNS are found in patients with intrathecal lidocaïne undergoing 
surgery in lithotomy position (30-36%), arthroscopic knee surgery (18-22%), while in 
patients undergoing other surgery in supine position the incidences are 4-8% (Pollock 2003). 
Although interpreted as possible neurotoxicity of lidocaine TNS is associated with all other 
local anaesthetics however in a lower incidence (Zaric & Pace 2009). Decreasing lidocaïne 
concentration from 5 to 0.5 % does not decrease the incidence of TNS. Glucose, hyperbaricity 
and hyperosmolarity are not contributing factors (Pollock 2003). 
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Other possible causes are direct needle trauma, neural ischemia secondary to sciatic 
stretching, patient positioning, pooling of local anaesthetics, muscle spasm, early 
mobilization and irritation of the dorsal root ganglion (Pollock 2003). 
Treatment can be very difficult. In general non-steroidal anti-inflammatory drugs are 
prescribed; occasionally opioids are necessary to treat the symptoms. Prevention is essential 
as treatment is not always successful. If neurological examination is abnormal other possible 
complications have to be ruled out e.g. epidural haematoma or nerve root damage (Pollock 
2003). 
3.4 Serious neurological complications 
Although rare, if neurological deficits occur serious complications have to be ruled out. 
Most cases of spinal haematoma are characterized by an acute or subacute course with acute 
onset of pain at the level of the haemorrhage with more or less severe paralysis with or 
without bladder/intestinal disturbances (Kreppel et al. 2003). 
Direct neurological or neurosurgical consultation, MRI and neurophysiolocal testing is 
required because possible treatment options. Decompressive laminectomy for epidural 
haematoma, antibiotics and possible surgical drainage for epidural abscess and 
meningitis, hypertensive therapy for anterior spinal artery syndrome are necessary to 
reduce morbidity.  
A decompressive laminectomy should be done within 6-8 hours after start of the symptoms 
to avoid permanent spinal cord injury (Kreppel et al. 2003; Neal, J. M. et al. 2008). For spinal 
nerve injury, adhesive arachnoiditis and cauda equine syndrome no effective treatment is 
available (Naguib et al. 1998; Pollock 2003). 
Epidural abscess and meningitis are not further discussed as there no obvious relation with 
paraesthesia. 
3.5 Pathophysiology of spinal cord, spinal root and spinal nerve injury 
Like peripheral nerve injury spinal cord and spinal root injury after the conduct of a 
neuraxial block has several proposed mechanisms. Sometimes the mechanism is obvious 
like in case of epidural haematoma, but often the cause of spinal cord injury remains unclear 
of multifactorial. 
3.5.1 Mechanical injury of the spinal cord and spinal nerve damage 
Mechanical injury of the spinal cord and spinal nerves during of after conduct of a neuraxial 
block can be caused by several mechanisms. 
The vertebral column protects spinal cord and spinal nerves to mechanical injury. To 
perform a neuraxial block it is necessary to precisely avoid this defence. The access to the 
spinal canal is based on landmark techniques, but ultrasound becomes more common 
practice (Balki 2010; Perlas 2010). However as earlier indicated human anatomy varies and 
this can lead to failure to contact identifiable landmarks, unintentional cephalad needle 
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Penetration of the spinal cord can provoke intense pain, pressure or paraesthesia or no 
sensation at all. After penetration of the spinal cord, damage can occur from injury of neural 
structures, haematoma, oedema, central syrinx creation, local anaesthetic or adjuvant 
toxicity or a combination of these factors (Neal, J.M 2008). 
Furthermore reduction of the vertebral canal diameter by degenerative changes, intra- and 
extradural mass lesions e.g. haematoma, and patient positioning may compromise spinal 
cord blood flow. This by increasing spinal cord or CSF pressure, decreasing arterial inflow 
and venous outflow leading to spinal cord ischemia, possibly worsened by injected or 
infused local anaesthetic (Neal, J.M 2008). 
3.5.2 Vascular injury 
The spinal cord and cauda equine receive two thirds of their blood supply from the anterior 
spinal artery (ASA). The lower thoracic and lumbar sacral spinal cord are supplied by the 
arteria radicularis magna or artery of Adamkiewicz which provides 25-50% of the total 
spinal cord blood flow (Biglioli et al. 2004; Neal, J.M 2008). Spinal cord blood flow is like the 
cerebral blood flow auto regulated with mean arterial pressures between 50/60 – 120 mmHg 
in animal models and hypoperfusion with hypo perfusion is an often suggested cause of 
spinal cord damage. However in patients undergoing spine surgery prolonged periods of 
hypotension induced no detectable spinal cord injury, nor is anterior spinal artery syndrome 
associated with cardiopulmonary bypass or induced hypotension. Nevertheless the 
diagnosis anterior spinal artery syndrome has been made in cases with unexplained injury 
associated with neuraxial blocks. Underlying medical conditions like atherosclerosis are 
more probable explanations than hypotension or vasoactive agents (Neal, J.M 2008). 
Direct vascular trauma from midline and paramedian approaches is anatomically unlikely, 
but possible during lateral or peri-spinal approaches as psoas compartment or celiac plexus 
blocks, but no human data supports this view (Neal, J.M 2008). 
3.5.3 Neurotoxicity  
As earlier mentioned all local anaesthetics have the potential of neurotoxicity. However in 
clinically used doses local anaesthetics, opioids, adjuvants and preservatives are relatively safe 
(Hodgson et al. 1999). However after disruption of the blood-spinal cord barrier certain 
anatomic conditions may contribute to increased susceptibility to injury. The cauda equina 
consists of partly unmyelinated nerve fibres with a relative high surface area which is exposed 
to potentially neurotoxic agents. Secondly, nerve roots in the blood-spinal cord barrier lack 
connective tissue which provides mechanical and metabolic protection compared with 
peripheral nerves. Furthermore clearance of toxic substances by CSF is not as efficient as vascular 
clearance which causes spinal cord and spinal nerve roots to be exposed to drug maldistribution 
and local high drug doses. These factors are believed to have contributed to cases with cauda 
equina syndrome after spinal anaesthesia with micro catheters (Neal, J.M 2008). 
4. Conclusions 
During the conduct of regional anaesthesia paraesthesia is a frequently reported phenomenon. 
It is a risk factor for or an identifier of a complicated procedure and in such a way for 
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permanent neurological injury. Other risk factors are patient, procedure or block related. 
Possible causes of neurological injury are mechanical, vascular or ischemia and neurotoxicity. 
Although rare, if neurological deficits occur serious complications have to be ruled out, by 
neurological or neurosurgical consultation, and neurophysiolocal testing. This because 
possible treatment options have to be enforced as soon as possible to minimize morbidity. 
MRI is the preferred mode of imaging to demonstrate spinal canal pathology. The best 
treatment of neurological deficit is prevention and starts with a good pre-operative 
preparation and complete documentation of the block. 
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1. Introduction 
Spinal anesthesia is induced by injecting small amounts of local anesthetic into the cerebro-
spinal fluid (CSF), which solution must be capable of blocking nerve paths, and non-toxic, 
that is, it should not hinder the proper functioning of the bulbar centers, or interfere with 
the metabolic processes of the more important organs. The injection is usually made in the 
lumbar spine below the level at which the spinal cord ends (L2). Recently the anatomy of the 
thoracic spinal canal was investigated with magnetic resonance image (RMI) 19 1 and 50 2 
patients, and it has been demonstrated the safety of the segmental spinal anesthesia at T10 
by using the combined spinal-epidural technique 3 or single puncture 4. 
If the anesthetist has an adequate knowledge of the relevant anatomy, physiology and 
pharmacology, safe and satisfactory anesthesia can easily be obtained to the mutual 
satisfaction of the patient, surgeon and anesthetist. To become expert in the art of spinal 
anesthesia is no simple matter for the beginner, for many solutions and techniques are 
available and many problems present themselves which form subjects for discussion and 
disagreement. The literature is abundant, very illuminating and worthy of very close 
inspection for begin. Direct trauma to nervous tissue may occur at the level of the spinal 
cord, nerve root, or peripheral nerve. During attempts to insert a spinal needle into the 
subarachnoid space, patients occasionally experience paresthesia with a report ranging from 
6.3% to 20% 5-8. Two thirds of anesthesia related neurological complications are associated 
with either paresthesia (direct nerve trauma) or pain during injection (intraneural location) 
9. Although the etiology of paresthesia has not been precisely determined, the widely held 
conventional wisdom is that they result from needle to nerve contact. Some 
anesthesiologists believe paresthesias occur when the needle contacts a spinal nerve within 
the epidural space or the subarachnoid space and as such indicates that spinal needle is 
misdirected. Because of this, several authors advocate withdrawing the spinal needle and 
redirecting it away from side where the paresthesia occurred 5-9. 
2. Definition 
Paresthesia during regional anesthesia is an unpleasant sensation for patients and, more 
importantly, in some cases it is related to neurological injury. Paresthesia is an abnormal 
condition in which patients feel a sensation of burning, numbness, tingling, itching or 
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sensation. Paresthesia most often occurs in the extremities, such as the hands, feet, fingers, 
and toes, but it can occur in other parts of the body. Paresthesia during spinal anesthesia 
increases patient discomfort and the risk of abrupt movement but, more importantly, 
paresthesia may be associated with neurological damage. The sensation is unpleasant and it 
usually has two phases: the first one is the sudden excitation of the muscle involved with 
that nerve if it is a motor one (fast conduction). And second, one form of pain sensation if 
the fibers are of a sensitive nerve (slow conduction). In the mixed nerves the shock 
dominates the sensation. The consequences may be none or, if confirmed, resolved by time 
in the benign cases, eventually with the aid of physiotherapy, or it may leave a sequel after 
the treatment. The sequel is usually reduced strength or impotence because of atrophy of the 
muscles and ankylosis of the involved joint. 
3. Anatomy of the vertebral column 
To understand the neuraxial anatomy it is necessary to develop a concept of the relationship 
between surface and bony anatomy pertinent o the neuraxial structures. The vertebral 
column is formed by the superposition of the 33 vertebrae that stand from the occipital to 
the sacrum and coccyx. Each vertebra is formed by a body in the anterior aspect and a ring 
in its posterior region. From each ring, except from the first one, appendixes are given off to 
the sides and posteriorly. One over the other produces the vertebral column and the 
posterior arches form a tube with lateral holes, from which the nerves leave the spinal canal 
where the spinal cord resides.  
Surrounding the spinal cord in the bony vertebral column are three membranes: the pia 
mater, the arachnoid mater, and the dura mater. The pia mater is a highly vascular 
membrane that closely invests the spinal cord. The arachnoid mater, nonvascular membrane 
that is closely attached to the outermost layer, the dura mater. Between the pia mater and 
the arachnoid mater is the space of interest in spinal anesthesia, the subarachnoid space. In 
this space are the CSF, spinal nerves, a trabecular network between the two membranes, 
blood vessels that supply the spinal cord, and the lateral extensions of the pia mater, the 
dentate ligaments. In the adult, the lower extent of the spinal cord, the conus medullaris, 
ends approximately at L1. In the infant the conus medullaris may extend until to L3. To 
produce a spinal anesthesia the subarachnoid space is reached by a needle that comes from 
the skin through the intervertebral space between their posterior spines and pierces the dura 
mater. Confirmation relies on back flow of CSF to permit the injection of the local anesthetic.  
4. Incidence 
Paresthesia is an abnormal sensation that occurs during the insertion of a spinal, epidural, 
combined spinal-epidural (CSE) or continuous spinal needle, a reported frequency ranging 
from 6.3% to 20% 4-6,8. It is a widespread assumption that needle-induced paresthesia could 
be produced by contact of the tip of the needle with a spinal nerve root in the epidural space 
or with a spinal nerve within the intervertebral foramen. Various factors may influence the 
occurrence of paresthesia, including the needle-tip configuration, the use of needle-through-
needle CSE technique versus single-shot spinal technique, the use of CSE kits with longer 
spinal needles, or the technique of puncture. 
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Serious neurologic complication is a rare event. Among the lesions, very little has been 
written on persistent paresthesia or motor inability. Paresthesia occurred during lumbar 
spinal block is very frequent in our everyday practice. The nerves, derived from the union of 
the sensitive and motor roots of the spinal cord are independent structures that 
macroscopically have their origin in the union of the posterior and anterior rootlets that 
emerge from the spinal cord in the posterolateral sulcus (sensitive rootlets) and from the 
anterolateral sulcus (motor rootlets). Each species travel to the intervertebral foramina where 
anterior and posterior rootlets unite to form a motor root and a sensitive root before joining 
together to emerge the spinal canal as a nerve. Motor rootlets (anterior) and sensitive rootlets 
(posterior) occupy the central axis of the spinal canal from the conus medullaris downward.  
During the lumbar puncture, the needle is introduced in the dural sac and enters a short 
distance where there is no nerve rootlets. If the needle goes further, it will make contact with 
the nerve rootlets that occupy the posterior zone and central posterior zone of the dural sac. 
Paresthesia would be originated from central zone if the lumbar space was approached 
sagittally. Or from more lateral rootlets if the needle is deviated from the sagittal plane. 
5. Approaching the subarachnoid space 
5.1 Position 
During lumbar puncture, the position of the patient and adequate flexion of the lumbar 
backbone must be searched. It will open the space between the vertebrae and will facilitate 
the approach of the spinal needle to the dural sac, avoiding its contact with the bones. Spinal 
puncture is carried out in three positions: lateral decubitus, sitting position and jackknife 
prone position. In both the lateral decubitus and sitting positions, the use of a well-trained 
assistant is essential if the block is to be easily administered by anesthesiologist in a time-
efficient manner. In some patient, the sitting position can facilitate location of the midline, 
especially in obese patients. 
The position of the patient during lumbar puncture may influence the incidence of 
paresthesia. The incidence of paresthesia is more probable when blocks are preformed with 
the patient in the lateral position, because of inadvertent spine rotation 10.  
5.2 Level 
Spinal anesthesia is unparalleled in the way a small mass of drug, virtually devoid of 
systemic pharmacologic effect, can produce profound, reproducible surgical anesthesia. 
Spinal anesthesia can be performed at any level of the spine, depending on what the 
anesthesiologist wants or what the patient needs. Most of the spinals are made in the lumbar 
interspaces of L3-L4 or L4-L5, through the puncture of the dura/arachnoid mater, which is 
deliberately done 3,4. 
5.3 Needle 
One of the first decisions to be made in considering spinal puncture is what kind of needle 
to use. For spinal needles there are two main categories: those that cut the dura mater and 
those that spread the dural fibers. The former include the traditional disposable spinal 
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and Sprotte needles. The use of small bore needles reduce the incidence of postdural 
puncture headache. Theoretically, Sprotte needles should present a higher index of 
paresthesia than the Quincke needles. But this theory has not been proved, and there are 
many papers that state the same incidence. 
5.4 Paramedian or median access 
It was not found in the literature any study comparing the incidence of paresthesia with the 
use of the paramedian vs median approach of the spinal canal.  
5.5 Combined spinal-epidural 
The combined spinal-epidural (CSE) technique is designed to combine the advantages of 
spinal and epidural anesthesia. Spinal anesthesia can offer a rapid complete conduction 
block, and epidural anesthesia using an epidural catheter can easily prolong anesthetic 
duration and may be used to provide postoperative analgesia. CSE anesthesia was first 
performed using the double segment technique 11. However, the needle-through-needle 
technique has gained popularity 12. In terms of spinal needle insertion, paresthesia 
frequency was more than twice as high for the needle-through-needle group than for the 
double segment technique group, although we were not able to establish a statistical 
difference between the two techniques 13. According to others authors, the frequency of 
paresthesia was 9% for single-shot spinal anesthesia and 37% during spinal needle insertion 
of needle-through-needle, which was significant 14. One possible reason for the higher 
frequency of paresthesia during spinal needle insertion in the needle-through-needle was 
the length of spinal needles introduced into the subarachnoid space. A spinal needle guided 
by an epidural needle rarely meets tissue resistance until it reaches the dura mater, and thus 
the dura mater is easily and deeply perforated 15,16.  
The majority of these papers were observed in obstetric patients. Comparing single shot 
spinal anesthesia, combined spinal-epidural blocks and continuous spinal anesthesia in 
orthopedic surgery of elderly patients no significant difference was observed among 
population 17.  
5.6 The use of the introducer  
During lumbar puncture, the interaction of the needle and the tissue may produce a 
deflection of the needle tip. This deflection of the needle may increase the incidence of 
paresthesia. The use of introducers reduce the deflection of the needles 18,19. The deflection is 
greater with beveled needles as compared to the pencil point needles, and also greater when 
using thinner needles as compared to the larger bore needles. In the single shot 
subarachnoid technique, removing the stylet when the needle tip still is in the interspinous 
ligament plus a continuous forward movement until CSF is drained may reduce the 
incidence of paresthesia 10.  
6. Conclusion 
Paresthesia during regional anesthesia increases patient discomfort and the risk of abrupt 
movement but, more importantly, paresthesia may be associated with neurological damage. 
 
Paresthesia in Spinal Anesthesia 
 
49 
A large prospective study conducted in France reported that nerve injury is rare, but that it 
is often associated with paresthesia during the administration of a block or pain on injection 9. 
Compared to non-paresthesia patients, long-term neurological sequela have been reported 
more frequently in patients that have experienced paresthesia during regional anesthesia 6. 
Direct trauma to nerve roots or the spinal cord may manifest as paresthesia. When transient 
paresthesias occur during spinal needle placement it is appropriate to stop and assess for 
the presence of CSF in the needle hub, rather than withdraw and redirect the spinal needle 
away from the side of paresthesia as some authors have suggested. 
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1. Introduction 
1.1 Neural asymmetry in human – An overview 
Most biological systems demonstrate some degree of asymmetry. From lower animals to 
human normal variation and specialization produce asymmetries of both function and 
structure. The term asymmetry is often substituted for the term laterality and indicate left-
right differences, especially in neurosciences and psychology (Bryden, 1982). However, 
researchers generally use the term asymmetry in more global context of both structural and 
functional side dissimilarities while the term laterality is typically used exclusively in 
relation to functional asymmetry (Hughdahl, 2005). In numerous species representing major 
vertebrate taxa asymmetries of brain and behaviour have been demonstrated and it is 
supposed to be an universal feature of the vertebrate nervous system (Goutiérrez-Ibañez et 
al., 2011; Tommasi, 2009). In a neuroscience perspective the concepts of asymmetry in 
humans are closely tied to the two hemispheres of the brain (Grabowska et al., 1994; 
Hughdahl, 2005). Despite the mirror symmetrical organization of the body along the vertical 
body axis, the two brain hemispheres differ in their anatomy and function; moreover, 
asymmetries in the brain’s functional layout and cytoarchitecture have been correlated with 
asymmetrical behavioural traits – handedness, footedness, auditory perception, motor 
preferences and also sensory acuity (see Toga & Thompson, 2003 for review). Studies on 
anatomical asymmetries in the brain showed differences in distribution of tissue between 
hemispheres, although they are similar in both weight and volume (Toga & Thompson, 
2003). Structural and neurochemical asymmetries in the majority of studies were reported to 
be linked with functional asymmetries of the brain and behaviour (especially the 
handedness). Some research showed cytoarchitectural asymmetry in the planum temporale 
related to handedness- marked leftward volume asymmetry. Additionally, this was also 
related to the degree of right-handedness of participants (Habib et al., 1995). In experiments 
with MRI Steinmetz observed greater asymmetry of this structure in right-handers in 
comparison to left-handers (Steinmetz, 1996). Structural asymmetry of central sulcus was 
reported to fit with the functional hemispheric asymmetry in relation to handedness 
(Babiloni et al., 2003), what indirectly confirms the relationship of laterality pattern in limbs 
and the motor cortex structure and function. Some investigators found differences between 
two brain hemispheres in levels of neurotransmitters (dopamine, norepinephrine), what was 
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supposed to be an universal feature of the vertebrate nervous system (Goutiérrez-Ibañez et 
al., 2011; Tommasi, 2009). In a neuroscience perspective the concepts of asymmetry in 
humans are closely tied to the two hemispheres of the brain (Grabowska et al., 1994; 
Hughdahl, 2005). Despite the mirror symmetrical organization of the body along the vertical 
body axis, the two brain hemispheres differ in their anatomy and function; moreover, 
asymmetries in the brain’s functional layout and cytoarchitecture have been correlated with 
asymmetrical behavioural traits – handedness, footedness, auditory perception, motor 
preferences and also sensory acuity (see Toga & Thompson, 2003 for review). Studies on 
anatomical asymmetries in the brain showed differences in distribution of tissue between 
hemispheres, although they are similar in both weight and volume (Toga & Thompson, 
2003). Structural and neurochemical asymmetries in the majority of studies were reported to 
be linked with functional asymmetries of the brain and behaviour (especially the 
handedness). Some research showed cytoarchitectural asymmetry in the planum temporale 
related to handedness- marked leftward volume asymmetry. Additionally, this was also 
related to the degree of right-handedness of participants (Habib et al., 1995). In experiments 
with MRI Steinmetz observed greater asymmetry of this structure in right-handers in 
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Williamson, 1984). Generally, asymmetry in the neuromotor performance is assumed to be 
linked with the brain functional and laterality i.e. hemispheres specialization (Springer & 
Deutsch, 2004; Tommasi, 2009). Functional asymmetry of the human brain is related to 
different behavioural traits. One of the earliest observations of brain asymmetry was the 
specialization of the left hemisphere for language functions (Binder, 2000). Some research 
has pointed towards the right hemisphere as being specialized for spatial processing and 
emotional control (Springer & Deutsch, 2004) and all this came to develop standard models 
of hemispheric asymmetry claiming that each hemisphere has its own characteristic domain 
of competence - the left hemisphere is commonly regarded as the verbal and logical brain 
area, the right hemisphere is responsible for creativity and spatial relations. However, brain 
function lateralization is evident in the phenomena of right- or left-handedness and of right 
or left ear preference, but a person's preferred hand is not a clear indication of the location of 
brain function. Although 95% of right-handed people have left-hemisphere dominance for 
language, only 18.8% of left-handed people have right-hemisphere dominance for language 
function. Additionally, 19.8% of the left-handed present bilateral language functions 
(Springer & Deutsch, 2004). All these findings seem to link the neural asymmetry with 
motor and sensory traits in human. More recent studies confirmed asymmetry as the norm 
when the it comes to functions of he brain and nervous system, however researchers 
underline the fact that lateralization of the brain functions varies depending on several 
individual biological and environmental factors and also their interactions (Grabowska et 
al., 1994; Olex-Zarychta & Raczek, 2008; Tommasi, 2009). Manifestation of lateralization of 
the brain and nervous system can be explicitly observed in handedness as well as in 
footedness, which expresses in consistent preference for one arm or leg over the other in 
certain motor tasks. Therefore handedness and footedness in human has been linked with 
the asymmetry of the motor control system. 
1.2 Laterality and motor control 
Studies on human motor control incorporate research on different types of movements. 
Generally, movements can be graded along the scale from the most to the least automatic. It 
has been suggested that different neurophysiologic processes are involved in 
phylogenetically old behaviors like reflex reactions or rhythmic patterned outputs and 
discrete movements like grasping or reaching (Rothwell, 1996; Schaal et al., 2004). Lateral 
asymmetry is a prominent, but still poorly understood aspect of the human motor 
performance in all mentioned above types of movements. Lateralization of motor 
performance emphasized by handedness and footedness is characterized by the consistent 
preference for one extremity over the other in performing the majority of motor actions 
(Bagesteiro & Sainburg, 2002, 2003). Generally, it is accepted that handedness and 
footedness results from different (i.e. lateralized) neural control of each extremity with an 
assumption that motor asymmetry is a feature of neural organization of motor control 
(Shabbott & Sainburg, 2008; Wang & Sainburg, 2007). Although a feature of arm and leg 
preferences is well-documented in humans and nonhuman primates (Hopkins & Pearson 
2000; Hopkins et al. 2003) there is still a lot of disagreement concerning the emergence of 
this phenomena. Lateral differences in motor performance have been reported in many tasks 
requiring speed, accuracy, and fast reaction time, typically with the better results for the 
dominant extremity (Annett, 1992; Elliott & Heath, 1999; Hore et. al. 1998; Olex- Zarychta & 
Raczek, 2008; Peters 1991). Differences in neural mechanisms of movement control among 
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different laterality patterns have been suggested with emphasis to the not exclusively 
central, but also peripheral control to be involved (Aziz-Zadeh et.al., 2006; Kato & Asami, 
1998; Olex, 2004; Olex-Zarychta et.al. 2009). One of the first studies on handedness was 
published by Liepmann (1905) who suggested that the hemisphere which is contralateral to 
the dominant arm is as well dominant. As such it plans movements of both arms. Since that 
time considerable body of evidence has confirmed the hypothesis that cerebral hemisphere 
contralateral to the dominant arm plays a particular role in the performance of both arms. 
Several studies suggested that this hemisphere (hereafter referred to as the “dominant 
hemisphere”) and premotor areas are more active comparing to the nondominant 
equivalent during ipsilateral (Kim et al. 1993; Kawashima et al., 1997), contralateral (Kim et 
al. 1993; Dassonville et al. 1997; Taniguchi, 1999) and bilateral arm movements (Kim et al., 
1993). Additionally, brain damage subject studies with unilateral lesions have revealed 
movement deficits in the non-dominant arm when the dominant hemisphere was damaged, 
but not in the dominant arm movement after lesions to the non-dominant hemisphere 
(Haaland & Harrington, 1994, 1996). This suggests that the dominant hemisphere encloses 
special circuitry for the control of both arms. Reflection of Liepmann’s model of motor 
lateralization can be seen in the hypothesis that dominant arm advantages in performance 
exist due to specialization of the dominant hemisphere for the visual-mediated correction 
processes (Carson et al., 1990). Several studies supported this hypothesis and indicated that 
dominant arm movements tend to be shorter in duration (Elliot, 1993; Mieschke et al., 2001; 
Todor & Cisneros 1985) and more accurate (Roy, 1983; Todor & Cisneros, 1985) than non-
dominant arm movements. Additionally, based on findings made by Flowers (1975) one can 
hypothesize that interlimb differences in movement accuracy tend to be reduced when 
movements are performed at high velocity, which elicit decrease of the role of visual-based 
error corrections. This way, feedback correction model of the lateralization predicts that the 
dominant arm should show distinct advantages in the timing and efficacy of corrections to 
visual errors. There is alternative explanation of the dominant arm advantages during 
reaching introduced by Sainburg (2002, 2005). It was named by the author “the dynamic 
dominance hypothesis” of motor lateralization and is based on the idea that a movement is 
initially planned by specifying trajectory parameters in an extrapersonal space (Sarlegna & 
Sainburg, 2007). This plan is transformed into commands that specify the dynamic 
properties that reflect the forces required to initiate the movement (Sainburg, 2002). This 
hypothesis suggests specialization of the dominant arm control in a process of dynamic 
transformations. Further research lead to the hypothesis that the nondominant arm 
controller has become specialized for regulating limb impedance, which is needed to 
achieve steady-state positions (Bagesteiro & Sainburg, 2003, 2005; Duff and Sainburg, 2006; 
Schabowsky et al., 2007). Footedness has been previously reported as an important factor in 
predicting the motor preparation dependent on the behavioural context of a particular task 
(Carpes et al., 2007; Gabbard & Iteya, 1996; Grouios et al., 2009). It has been claimed that the 
footedness may be a better predictor of the cerebral lateralization than the handedness 
(Elias, Bryden & Bulman-Fleming, 1998; Elias & Bryden, 1998; Strauss & Wada, 1983). This 
seems to confirm the important role of the laterality both upper and lower extremities in 
detecting the asymmetry of the neural organization in human. It was suggested that motor 
performance of upper limbs is influenced only by the central information processing, while 
the effect for lower limbs is influenced by the peripheral motor control (Kato & Asami, 
1998). However, some other findings strongly suggested the role of peripheral factors in 
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on hands performance asymmetries as an effect of exclusively central motor control (Jaric, 
2000). In neurophysiologic studies it was hypothesized that the motor laterality may reflect 
differentially lateralized activation in the motor control system influenced by a central 
information processing (hemispheric specialization) and also by other structures and 
processes on levels of motor control such as locomotor’s centers of limbs performance 
(CPGs) and spinal cord (Francis & Spiriduso, 2000; Schaal, 2004; Aziz-Zadeh et al., 2006; 
Knikou, 2007; Olex-Zarychta & Raczek, 2008; Zehr et al., 2004, 2007). All these findings 
suggest the neural plasticity to be involved in the motor control system in human. The term 
of neural plasticity was introduced for the first time by polish neuroscientist Jerzy Konorski 
in middle XX century (see Zieliński, 2006 for review). According to the theory of 
neuroplasticity learning and training actually may change both the brains’s anatomy and 
functional organization from top to bottom. It suggests that the pattern of a neuronal 
activation in CNS changes in response to experience. The concept of neuroplasticity is 
associated with an experience-driven alteration of synaptic structure and functions: the 
long-term potentation (LTP) in hippocampus and motor cortex and the long-term 
depression (LTD) especially in cerebellum, what must influence the process of the motor 
control (Rothwell, 1996; Monfils et. al., 2005; Aagard et.al., 2002; Agaard, 2003; Fazeli & 
Collingridge, 1996). Experience-dependent plasticity and asymmetric behaviours may 
therefore induce different neuronal changes in the motor cortex of the two hemispheres. In 
interesting experiments on animals (rats and mice) asymmetric use of paws resulted in 
changes in cell packing density in the motor cortex, and limb preference was related to the 
asymmetry of sensory input (Diaz, Pinto-Hamuy & Fernandez, 1994). Therefore, it is 
possible that the lateral asymmetry in motor performance may result from a lateralized 
sensory stimulation in human development. 
1.3 Neural asymmetry studies with the use of the spinal circuit research 
Although the simplicity of psychomotor tests makes them an attractive means of assessing 
motor laterality, a neurophysiologic examination of motor and sensory functions of 
peripheral nerves seems to be necessary in such investigation (Goble, 2007). In motor control 
research extensively used tools to study the neural control of movement and to gain detailed 
understanding of the nervous system plasticity are the motor evoked potential techniques, 
with a special emphasis to the spinal reflexes circuits. Despite the detail neural mechanisms 
involved in motor control are still unknown, the multidimensional and temporal regulation 
of limb mechanics by spinal circuits is assumed to be attached to neural proprioreceptive 
feedback from muscles and sensory receptors as well as to organization of descending 
command and motor output from the spinal cord. (Christou et al., 2002; Kimura, 2001; 
Rothwell, 1996; Zehr 2002, 2004; Zehr & Wolpaw, 2006; Misiaszek, 2003; Olex-Zarychta et al., 
2009; Olex-Zarychta, 2010). One of the most extensively studied reflexes in the literature on 
human neurophysiology is a Hoffmann reflex (H-reflex). The relative ease with which this 
reflex can be elicited in muscles throughout the human body and few neural parameters 
involved in this circuit makes it a very attractive research tool in motor control research 
(Misiaszek, 2003; Zehr & Wolpaw, 2006). Studies incorporating the H-reflex as a neural 
probe showed changes in excitability of the reflex occur while movement actions and also in 
the absence of movement what suggests the existence of intrinsic modulating factors in 
motor control system, connected with the spinal circuit organization and/or with 
transmission parameters in motor and sensory pathways (Aymard et al, 2000; Kimura, 2001; 
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Misiaszek, 2003; Zehr et. al, 2004; Zehr, 2006; Zehr et.al., 2007). Previous studies with the H–
reflex demonstrated clearly that adaptive plasticity could be induced in the spinal cord and 
that it could be examined by using the H-reflex (Agaard, 2003; Carp & Wolpaw, 1994; 
Wolpaw & Chen, 2006). Some researchers have investigated the effectiveness of the Ia 
monosynaptic pathway in leg muscles in relation to the handedness. Goode et al. (1980) 
observed a lateralization of the H-reflex responsiveness towards the non-dominant side, 
which was significant only in case of right-handed participants. Other findings showed the 
recovery curve lateralization of the H-reflex from the wrist flexors (Tan, 1989). The 
amplitude of the H-reflex was shown to depend on muscle use and exercise, what suggests 
the possible relation of the laterality and the plasticity of neural pathways (Mynark & Koceja, 
1997; Sigh & Maini, 1980). Previous studies from our laboratory indicated significant 
depression of the H-reflex on dominant side in groups of both left-sided (left-handed/  
left-footed) and right-sided participants (Olex-Zarychta et. al., 2008), what suggests that  
this effect may be associated with greater central steering influences on the dominant side 
 in confirmation of previous findings that depression of the H-reflex is the dominant 
corticospinal effect on interneurones projecting the Ia afferents (Aymard et al., 2000).  
Previous results showed also differences in a sensory (Vs) and motor (Vm) conduction 
velocity between two examined laterality patterns. Higher values of the Vs in the non-
dominant extremity in right-sided participants were recorded, what may contribute to a 
relatively better perception by the right cerebral hemisphere in this group of subjects. A lack 
of such effect in left-sided participants was interpreted as an effect of more symmetrical 
motor activity related to the right-sided social pressures in daily life or/and of a possible 
different pattern of the cerebral perception in this group of subjects (Olex-Zarychta et. al., 
2008; Olex-Zarychta 2010). The selective hemispheric activation may thus play a role in the 
motor output asymmetry in human extremities. Assuming that the afferent sensory 
feedback is the neural basis for interlimb coordination and contributes strongly to the 
modulation of the spinal reflexes as well as control on supraspinal levels (Freitas et al., 2007; 
Pearson and Gordon, 2000; Rothwell, 1996; Zehr et al., 2004; Zehr, 2006), it was 
hypothesized that the functional dominance in limbs may be an important modulating 
factor for the motor coordination (Olex-Zarychta & Raczek, 2008; Olex-Zarychta, 2010). 
Earlier studies indicated asymmetries in the number of corticospinal axons (Nathan et al., 
1990) as well as in cortical representations of the dominant limb muscles (Nudo, 1992) and 
brought evidences supporting the adaptive plasticity in muscle and cutaneous afferent 
reflex pathways induced by training and rehabilitative interventions. The activity-
dependent plasticity of the neural system was found in both strength and endurance 
training (Olmo et. al., 2006). Changes of the H-reflex amplitude were found in the trained 
leg after couple of weeks of heavy strength training, with no such effect in untrained leg 
despite the comparable gains in strength due to cross – education program (Zehr, 2006 ) The 
increase of the H-reflex response was observed during maximal muscle contraction after 
resistance training (Aagard et al., 2003). Authors suggested the existence of chronic plastic 
adaptations in the Ia spinal reflex pathway leading to increased reflex excitability and co-
existence of both spinal and supraspinal contributions to reflexes due to external factors. 
The existence of neural adaptation mechanisms has been suggested to comprise an 
increased central motor drive, elevated motoneuron excitability and changes in a 
presynaptic inhibition (Aagard, 2002). The motor laterality research brought some evidence 
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system, connected with interhemispheric inhibition as a function of handedness (Baümer et 
al., 2007). All these findings enabled to suppose that laterality pattern may strongly 
influence the motor control process and neural asymmetry (Marchand-Pauvert et al., 1999; 
Olex-Zarychta & Raczek, 2008). However, in the majority of cited interesting experiments 
the model of laterality pattern in hand-foot combination was not provided. When the 
handedness of participants was taken into consideration, results of bilateral studies 
confirmed differences in lateral asymmetries of the H-reflex in right and left handed 
participants (Goode et al., 1980). Other experiments with respect of the sidedness of 
participants (preference of hand and foot on the same body side) indicated significant 
depression of the soleus H-reflex amplitude in the dominant lower extremity in those 
laterality patterns, what strongly suggests that inhibition of the soleus H-reflex on the 
dominant side what may be related to descending motor commands associated with greater 
cortical influences on the dominant side (Olex-Zarychta, 2010). 
1.3.1 Paresthesias and neural asymmetry in human 
The special attention during experiments incorporating the evoked potentials should be 
paid to the feedback from participants. Cooperation with patient before, during and after 
the laboratory session is crucial for obtaining proper results of neurophysiologic testing 
taking into consideration influence of patient-dependent factors as an emotional state, any 
voluntary movement or even a motivation or attitude towards procedures (Kimura, 2001; 
Misiaszek 2003; Zehr et al., 2004, 2006, 2007). Before neurophysiologic testing, especially the 
bilateral one and in healthy participants careful screening of handedness/footedness should 
be provided, in order to detect any possible factor influencing the asymmetry of future 
results. At least self-reported handedness/footedness should be recorded, however, 
sometimes participants are not conscious about their footedness and more specific laterality 
tests should be recommended (f.ex. footedness test by Chapman, 1987). During testing the 
special care should be taken to the symmetry protocol to avoid erroneous results. In 
neurophysiologic testing , the use of feedback monitors during laboratory sessions makes 
the feedback from participant/patient not decisive or crucial for eliciting the proper results 
of testing. However, patients always have own feelings about the situation of testing which 
should not be omitted or underestimated by the researcher or medical staff. Paresthesias, 
sensations of tingling, pricking, or numbness of skin during surface stimulation of the nerve 
(electrical or magnetic) are the most common feedback from patient during 
neurophysiologic testing which have no apparent long-term physical effect and are totally 
harmless for the patient (Miller, 1986; Olex- Zarychta et al., 2009). Paresthesias are common, 
transient symptoms of inhibiting or stimulating of the function of the nerve. Removing the 
pressure from the nerve (i.e. removing the stimulation electrode from the skin) typically 
results in gradual relief of these sensations. The incidence of paresthesias during electrical 
stimulation depends on many individual factors related to the body composition, neural 
system characteristics and also factors attached to experimental conditions (Miller, 1986).  
Paresthetic sensations are used by anesthesiologists to localization of nerves and target areas 
in regional anaesthesia procedures as standard technique of needle positioning f.ex. in  
nerve blocks (Miller, 1986), but transient paresthesias are often underestimated in 
neurophysiologic testing with the use of the evoked potentials method. Transient 
asymmetrical paresthesias during sensorimotor testing are common and harmless, and 
should be more appreciated by physicians and researchers as a valuable information on 
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individual level of the neural asymmetry. Taking into consideration the assumption that 
asymmetry of the human neural system is a normal, physiological phenomenon (see 
paragraph 1.1 of this chapter) it seems quite logical that the handedness/footedness should 
be related to the level of neural reactions on the peripheral level. Therefore, the possibility of 
the physiologic neural asymmetry should be taken into consideration during both 
symmetrical or asymmetrical testing with the method of evoked potentials. Neural feedback 
from the patient – among others also paresthesias – may be therefore a reflection of the 
neural function on both central and peripheral level of the neural system. Bilateral testing 
makes a good opportunity for comparison the asymmetry of the neural feedback from the 
patient during nerve stimulation. Observations of differences between the motor and the 
sensory feedback from the dominant and the non dominant extremities may bring some 
additional information about the neural state of the patient and may help in diagnosis. 
Taking into consideration previous findings on motor control mechanisms it is possible that  
laterality (limb dominance) is related to structural asymmetry of the neural system, what 
may influence a conduction process in peripheral nerves. Asymmetrical paresthesias are 
typical in some demyelination disorders as sclerosis multiplex (SM) and indicate 
hyperexcitability of demyelinated axons, however there is no specific data on relations of 
the handendness/footedness and a pattern of paresthesias in SM and other demyelination 
diseases patients. There is also no reference data of the neural asymmetry in healthy 
population–some authors indicate 5% as a normal asymmetry range in neurophysiologic 
testing, however in sport physiology and rehabilitation side differences in healthy 
participants exceed sometimes 40% as the effect of the asymmetrical muscle stimulation in 
sport training or daily life (Olmo et al., 2006; Shewmann, 2007). All this suggests that the 
neural asymmetry should be treated as a normal, physiological phenomenon and probably 
depends on learning, experience and personal activity model of the person with the special 
role of a physical activity history. Asymmetrical paresthesias during the neurophysiologic 
testing both in health and disease may be thus related (at least partially) to the physiologic 
neural asymmetry. It may be sometimes a helpful diagnostic hint for researchers and 
medical staff. In the light of all mentioned above, side asymmetries in results of any 
neurophysiologic testing do not necessarily indicate a pathological process in human and 
caution should be exercised in interpreting lateral asymmetries of results. The knowledge of 
the normal function of the peripheral nervous system is important to physicians. Only by 
understanding of normal recordings may proper diagnoses be achieved. Described below 
results of a simple experiment incorporating the H-reflex elicited in healthy young adults 
may be the contribution for detecting the role of careful handedness/footedness screening 
before neurophysiologic testing and the role of paresthesias as a reflection of the neural 
asymmetry in human. 
2. Lateral differences in neurophysiologic testing: The H-reflex study on 
healthy adults 
2.1 Aim of research 
The aim of this experiment was to investigate the effect of the laterality pattern in limbs on 
the H-reflex asymmetry in groups of participants with four laterality patterns in hand-foot 
combination: two congruent and two crossed ones. Analysis of asymmetries in sensory 
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neural asymmetry. It may be sometimes a helpful diagnostic hint for researchers and 
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neurophysiologic testing do not necessarily indicate a pathological process in human and 
caution should be exercised in interpreting lateral asymmetries of results. The knowledge of 
the normal function of the peripheral nervous system is important to physicians. Only by 
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may be the contribution for detecting the role of careful handedness/footedness screening 
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2.1 Aim of research 
The aim of this experiment was to investigate the effect of the laterality pattern in limbs on 
the H-reflex asymmetry in groups of participants with four laterality patterns in hand-foot 
combination: two congruent and two crossed ones. Analysis of asymmetries in sensory 





throw a new light on the effect of the laterality pattern on the motor control system in 
human. Taking into consideration mentioned earlier findings on the human laterality, 
individuals with crossed patterns in the hand–foot combination are expected to present 
different level of the neural asymmetry than congruent ones. Paresthesias are expected to be 
valuable indicators of the neural asymmetry and are also expected to be attached to the 
laterality pattern (footedness and/or handedness) of participants. Differences in sensory 
or/and motor parameters of the spinal circuit among experimental groups would throw a 
new light on the effect of the laterality pattern in limbs on plasticity of motor control system 
in human. Results are expected to contribute introduced before hypothesis (Olex-Zarychta & 
Raczek, 2008; Olex-Zarychta, 2010) that the functional dominance of human limbs is an 
important modulating factor in the motor control system in human. According to this 
hypothesis asymmetry of the motor performance may be an evidence for the behavior-
induced plasticity of the CNS. Thus, the motor asymmetry may be an effect of the 
integration process of information from both ascending and descending neural pathways. 
Moreover, the limb dominance may be an effect of the cortical re-mapping and may 
influence the function of the whole motor control system, with an assumption that greater 
central steering influences should affect the dominant (more experienced) side. 
Asymmetrical paresthesias during neurophysiologic testing may be therefore a reflection of 
structural/ functional differences in the nervous system, what was previously supposed as a 
result of training and experience (Zehr, 2006). Therefore, the pattern of paresthesias during 
testing is expected to fit the pattern of the handedness/footedness of participants. Results of 
an experiment incorporating the H-reflex are expected to throw a new light on relations 
between the laterality and the neural asymmetry in human. 
2.2 Participants 
A total of 33 healthy male volunteers aged 21-23 (mean age 21.6, mean height 186±6) 
participated in a study. The study was accepted by the local Ethics Committee and each 
participant gave informed consent. Participants were carefully screened to eliminate any 
current or past neurological or muscle diseases or trauma. The functional dominance of 
upper and lower extremities of each participant was established by the use of a 
questionnaire (selection from Edinburgh Handedness Inventory by Oldfield, (1971). 
Additional items on foot preference were provided according to 11-item foot performance 
inventory of Chapman that has previously shown good internal consistency and test-retest 
reliability (Chapman et al., 1987). Self-reported handedness and footedness have also been 
recorded. Participants qualified for the experiment presented no signs of an ambidexterity 
both in upper and lower extremities and presented four main laterality patterns in hand-
foot combinations. Research group consisted of four subgroups of 10 right-handed and 
right-footed (RH/RF), 7 right-handed and left-footed (RH/LF), 10 left-handed and left-
footed (LH/LF) and 6 left-handed and right-footed (LH/RF) participants. 
2.3 Experimental setup and procedures 
The soleus H-reflex was elicited in the left and right lower extremity in the same laboratory 
session for each participant (Brinkworth et al., 2007). All experimental sessions were 
organized in the same lab with a stable air temperature of 22°C, always in the morning (10-
12 AM) to provide the most comparative conditions of an experimental environment for all 
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participants. (Kimura, 2001; Waxman, 2004). During recording session participants were 
lying comfortably on stomach, with their head positioned centrally and arms close to the 
body. No moves were allowed during experiment to prevent any influence on results. The 
control of the level of alpha motor neuron pool excitability by maintaining bilaterally 
relaxed soleus muscles during recording session was provided. The position of participants 
was comfortable for releasing antagonist muscles (tibialis anterior). Monopolar recording 
Ag/AgCl self adhesive electrode (Sorimex, Poland, diameter 30 mm) was fixed on the 
soleus muscle distal to the belly of gastrocnemius, medial to the Achilles tendon (Zehr, 
2002), symmetrically on the left and right lower extremity, with the use of anatomical 
landmarks to keep the symmetry. The reference electrode on each leg was localized on 
patella. To provide a total safety to participants the stimulator was double isolated from a 
patient by the use of a passive isolation unit (IST-1, Medicor, Hungary) and an additional 
ground electrode was placed above a recording site. Skin was prepared before by shaving 
and cleaning with an alcohol swab. The bipolar surface electrode and ST-3 electro stimulator 
(Medicor, Hungary) were used for stimulating the tibial nerve in the popliteal fossa of each 
extremity. The non dominant extremity was tested first in all participants, taking into 
consideration results of previous research indicating greater responsiveness of the H-reflex 
towards the non-dominant side (Goode et al.,1980). Before recordings some training pulses 
were provided on each extremity to find the best possible muscle response in the target area, 
taking into consideration the possibility of morphological differences in the tibial nerve 
location. The best impact to the nerve was found in each participant by slightly changing the 
stimulating electrode location in popliteal fossa to obtain the largest electric field in the 
nerve area. The single square impulses of 0.5 ms duration were triggered from a computer.  
Stimuli were applied 10 seconds apart to reduce any effect of a post activation depression of 
the reflex (Palmieri et al., 2004). Stimulus intensity required to obtain the maximum H-reflex 
amplitude was determined by increasing the stimulus intensity from 0 in small increments. 
The stimulus intensity was fixed individually for each participant in a manner to obtain the 
maximum reflex amplitude in the extremity. Before recordings full H/M recruitment curves 
(from a stimulus intensity smaller than required to elicit a H-reflex to a stimulus intensity 
larger than required to reach the maximal M-wave) in both legs were performed to control 
the experimental setting (Hultborn et al., 1987). On the basis of the H/M ratio any 
differences in resistance that may occur at the electrode-skin interface and in the soft tissues, 
as well as differences in electrode placement were recognized and measures were repeated 
when necessary. Maximal H-reflex amplitudes reached up 60% of the maximal M-waves in 
all participants, what stayed in concordance with values referenced for healthy adults 
(Tucker, Tuncer & Türker, 2005). Electromyography signals (EMG) were recorded by 
CyberAmp 380 amplifier with AI 405 head stages (Axon Instruments, USA). Signals were 
amplified and filtered in the range of 10-1000 Hz. Data were collected, stored and analyzed 
by the Axotape-V2 computer software (Axon Instruments, USA). Ten trials for each 
extremity were recorded and an average of results obtained from all trials was involved in a 
statistical analysis (Tucker, Tuncer, & Türker, 2005). The following parameters of evoked 
potentials were recorded: the onset latency of the M-wave (LatMR, LatML) and of the H-
reflex (LatHR, LatHL), amplitude of the H-reflex (AHR, AHL) and duration of the H-reflex 
(TH). Peak-to-peak amplitudes of the H-reflex were measured for each extremity. Onset 
latencies were measured as time intervals between stimulus artifact and onset of electrical 
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and in the range of 30-45 ms (latency of the H-reflex), with the respect of normal values for 
healthy young adults (Gupta, 2008; Kimura, 2001;Tucker Tuncer, & Türker, 2005) and taking 
into consideration subjects’ height. Duration of the H response was measured from the 
initial take off to the final return to the baseline, taking into consideration a biphasic 
waveform of the H-reflex in soleus muscles (Kimura 2001; Tucker et al., 2005). To calculate 
the asymmetry size in the H-reflex in subjects and among groups of participants the special 
protocol was introduced to make measurements the most comparable in the aspects of the 
asymmetry evaluation. In this study relative differences in parameters for dominant and 
non-dominant legs were provided by the use of the calculated for each participant 
symmetry coefficients (SC). 
2.4 Data analysis 
To make a comparison of data obtained in participants with different laterality patterns 
reliable enough, the symmetry coefficient (SC) for response parameters was calculated for 
each participant on the basis of the following equation: 
SC = (XD – XN) / (XD +XN) 
where:  SC- the relative difference between two sides 
-  XD- value for the dominant extremity 
-  XN- value for the non dominant extremity 
From the methodological point of view, the use of the SC seems to be valuable in asymmetry 
evaluation. It enables to compare side differences among groups taking into consideration 
asymmetries between the dominant and non-dominant extremity of each participant in a 
particular group. It makes comparisons more powerful and more informative. Statistical 
analyses were done by the use of Statistica software 9.0 (Statsoft, USA). The basic statistics 
included arithmetic mean (M) and standard deviation (SD) calculated for each parameter 
and SC. The pair sequence Wilcoxon’s test (T) was used for analysis of differences between 
dominant and non-dominant extremities of participants in subgroups and the 
nonparametric Mann-Whitney’s test (U) were used for analysis of results obtained from 
groups of right and left-handers with different dominance in lower extremities. The use of 
non-parametric measures was justified by recognized lack of symmetry in research groups 
(on the basis of the Kołmogorov-Smirnoff normality test and a visual inspection of the data). 
The normality assumption of ANOVA was not met, so the distribution-free tests were used 
as its equivalents. 
2.5 Results 
2.5.1 Latency 
Tendency towards longer latency was observed in the dominant leg in all laterality patterns. 
In left-handers significantly longer latency was found in the right leg in left-footed 
participants in relation to right-footed ones U (293,5) p=0.002. However, the greatest 
differences between the H-reflex latency in the dominant and non-dominant lower 
extremity was found in the group RH/LF, where results of the T test were significant T (11) 
p= 0.004. 
 




In the duration of the H-reflex the tendency towards prolonged response was observed in 
dominant leg in right-handers, but with no statistical effect. In left-handers difference in the 
degree of TH asymmetry varied significantly between left and right footed subjects (see 
table 2 for details). However, longer duration of the H-reflex was recorded in the dominant 
extremities of all participants (see table 1 for details). 
2.5.3 Amplitude 
Left-handers with crossed laterality pattern presented significant depression of the H-reflex 
amplitude in the non-dominant lower extremity in comparison to left-sided participants  
(p= 0.014). In right-handed subjects no footedness effect on the amplitude was found (see 
tables 1 and 2). 
parameters RIGHT-HANDED LEFT-HANDED 
 Right footed Left footed U Right footed Left footed 
Lat HR 32.75±2.63 33.11±2.69 ns 35.68±0.95 31.49±7.79 
Lat HL 32.72±2.85 37.59±14.02 ns 34.11±3.93 32.67±3.51 
AHR 2.23±2.48 2.69±1.85 ns 1.02±0.13 2.91±1.83 
AHL 2.47±2.10 2.65±1.54 ns 1.96±1.17 3.50±1.29 
THR 8.19±2.76 8.55±3.16 ns 9.36±3.92 8.42±3.44 
THL 8.04±2.08 9.13±4.01 ns 8.45±3.36 9.47±3.82 
Lat-latency; A-amplitude; T – duration; H-H-reflex; R – right lower extremity; L-left lower extremity;  
U – p value in The Mann-Whitney’s non parametric test, p<0.05 
Table 1. Data summary (means ± SD) 
SC RIGHT-HANDED LEFT-HANDED 
 RF LF U RF LF 
RL LatH -0.0004±0.05 -0.0441±0.08 ns 0.0254±0.05 -0.0174±0.05 
RL AH -0.1415±0.43 0.0661±0.53 ns -0.0907±0.35 0.1178±0.32 
RL TH  0.002±0.15 -0.0176±0.23 ns 0.0483±0.06 -0.0579±0.13 
SC– right-left symmetry coefficient; U – p value in The Mann-Whitney’s non parametric test 
The negative value of the SC indicates the asymmetry towards the non dominant lower extremity in  
the particular laterality pattern  
Table 2. Right-left asymmetries of the H-reflex in subjects 
However, it was observed that the degree of asymmetry was greater in two congruent 
laterality patterns in comparison to crossed ones and this tendency was opposite to the 
latency of the H-reflex. In right-handed and right-footed participants decrease of the 
amplitude of the H-reflex in the dominant lower extremity was very distinct in comparison 
to other laterality patterns in limbs. 
However, in totally right–sided participants amplitude of the H-reflex was greater on the 
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Fig. 1. The electromyographic recording (the averaged data form 10 sweeps) of the right 
(dominant) and the left lower extremity of participant nr 6 from the group RH/RF. Visible 
typical for this group depression of the soleus H- reflex in the dominant lower extremity. 
Results indicated no particular differences in the side asymmetry degree among laterality 
patterns in hand-foot combination (see table 1 and 2 for data summaries). 
2.5.4 Paresthesias 
During experiment right-left differences in feedback from participants were observed. The 
majority of participants felt tingling in both legs during nerve stimulation and these 
sensations were not painful or unpleasant for them. In some participants no paresthesias 
occured (5 persons) or the same levels of sensations on both legs were reported (7). In 1 
participant (right-handed and right-footed one) the sensivity on dominant side made 
recordings of dominant leg difficult (very strong sensations even in very low intensity of 
impulse was used, with no such problems with testing the left (non-dominant) extremity. 
Participants reported stronger paresthesias in their dominant extremities in the majority of 
cases; in this leg minor intensity of electric impulse was needed for eliciting the maximum 
H-reflex. Stronger sensations during stimulation were attached to the depressed amplitude 
of the maximum H- reflex. This effect was the most evident in right-handed and right-footed 
subjects. (figure 1). In this group of participants stronger paresthesias were reported on 
dominant lower extremity in the majority of tested participants. Left-footed participants 
generally reported minor side differences in level of paresthesias in comparison to right-
footed ones and rarely felt the stimulation discomfortable.  
 




2.6.1 Handedness, footedness and neural asymmetry 
Results of this experiment partially confirmed the relationship of the neural asymmetry with 
the laterality pattern in hand-foot combination and generally indicated relations of 
asymmetrical paresthesias with results of neurophysiologic testing. Results indicated the 
laterality pattern in hand-foot combination as a factor influencing somehow reflex pathways 
probably by an afferent feedback. Footedness influenced the latency and amplitude of the 
H-reflex especially in left-handed participants, however neural asymmetry seems to be very 
individual. In previous studies incorporating the H-reflex when only handedness or 
sidedness of subjects was taken into consideration indicated the statistical effect of the 
reduced amplitude of the H-reflex in the dominant lower extremity in strongly lateralized, 
right-handed participants (Goode et al.,1980; Olex-Zarychta, 2010). It was interpreted as an 
effect of greater central influences on the dominant side, assuming that the normal opposite 
control is exerted by the motor cortex on primary afferent interneurones in lower and upper 
limbs. In this experiment the H-reflex amplitude was analyzed in relation to footedness and 
laterality pattern in hand-foot combination and results were not so obvious- significant 
effect of footedness occurred only in the left-handed group of subjects. This seems to 
indicate the footedness to play a greater role in the neural organization in left-handers than 
right-handers and that not only laterality in the tested extremity, but also laterality pattern 
in hand-foot combination seems to influence neural asymmetry in human. Neural coupling 
between upper and lower extremities was previously reported by Knikou (2007), and 
present results seem to confirm this findings. Recorded differences in H-reflex amplitudes 
among groups may be associated with laterality-dependent organization of the synaptic 
transmission as previously suggested (Goode et al., 1980; Olex-Zarychta, 2010). Present 
results indicate the tendency towards greater side asymmetry in the H-reflex amplitude in 
two congruent laterality patterns. Taking into consideration that depression of the H-reflex 
is the dominant corticospinal effect on interneurones projecting the Ia afferents (Aymard et 
al., 2000) in crossed laterality patterns the cortical effect should be more symmetrical, 
through the effect on interneurones projecting the Ia afferents from the dominant hand and 
foot in opposite body sides. According to the neural plasticity concept the muscle use may 
induce changes in cortical representations of the dominant limb muscles. This makes both 
left-handed subjects and persons with crossed laterality patterns more complicated in motor 
functions (Beling, 1998; Olex-Zarychta & Raczek, 2008). Longer duration and longer latency 
in dominant extremities may indicate the longer central pathway of the reflex in the spinal 
cord (Rothwell, 1986). Differences in motor and sensory parameters between right and left-
handed persons were recorded in some previous studies (Gupta et al., 2008; Tan, 1993). 
Results may be influenced by strength of limbs’ dominance both in upper and lower 
extremities of participants and they need to be verified in studies on populations selected 
according to the degree of lateralization in limbs and physical activity models. In this 
experiment participants were not particularly selected in the aspect of a model of 
stimulation in their motor activity. Many previous experiments with spinal reflexes 
suggested multitude factors influence the neural reflex mechanisms in movement and at rest 
(Goode et al., 1980; Kimura, 2001; Misiaszek, 2003; Sibley et al. 2007; Zehr, 2006). Muscle use 
is supposed to determine not only the structure of muscles but also the asymmetries in the 
structure and function of neural pathways (i.e. number of corticospinal axons) and in 



























Fig. 1. The electromyographic recording (the averaged data form 10 sweeps) of the right 
(dominant) and the left lower extremity of participant nr 6 from the group RH/RF. Visible 
typical for this group depression of the soleus H- reflex in the dominant lower extremity. 
Results indicated no particular differences in the side asymmetry degree among laterality 
patterns in hand-foot combination (see table 1 and 2 for data summaries). 
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cases; in this leg minor intensity of electric impulse was needed for eliciting the maximum 
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of the maximum H- reflex. This effect was the most evident in right-handed and right-footed 
subjects. (figure 1). In this group of participants stronger paresthesias were reported on 
dominant lower extremity in the majority of tested participants. Left-footed participants 
generally reported minor side differences in level of paresthesias in comparison to right-
footed ones and rarely felt the stimulation discomfortable.  
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handed persons were recorded in some previous studies (Gupta et al., 2008; Tan, 1993). 
Results may be influenced by strength of limbs’ dominance both in upper and lower 
extremities of participants and they need to be verified in studies on populations selected 
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2007; Mynark & Koceja, 1997; Nathan, 1990; Nudo, 1992, Tanaka 2009). In some previous 
studies asymmetry of the motor units responsiveness did not depend on the biomechanical 
properties of the muscle tested (Aimonetti et al., 1999). Motor asymmetries thus may 
contribute to functional differences in rather sensory than motor functions on various levels 
of the neural system. Present results seem to confirm this suggestion. It was previously 
suggested that a compound nerve conduction velocity may be a reflection of proprioceptive 
afferents in human, what corresponds to the neural plasticity concept (Metso et. al., 2008). 
According to the neural plasticity idea the greater feedback from the dominant side could 
alter the pattern of neuronal activation in response to experience (Monfils et al., 2005). 
Previous research brought some evidence for an interhemispheric inhibition as a function of 
handedness (Baümer et al., 2007). Recorded in this experiment asymmetry of the H-reflex 
parameters may be thus an effect of different models of motor behaviors that alter the 
pattern of neuronal activation in human. In this study crossed laterality patterns presented 
greater side asymmetries than congruent ones in the H–reflex parameters. 
2.6.2 Paresthesias as indicators of the neural asymmetry 
The pattern of paresthesias observed during testing is similar to previous experiments in our 
laboratory conducted with the use of the magnetic stimulation (Olex-Zarychta et al., 2009). It 
suggests the asymmetry of paresthesias to be an effect of the neural system functioning not 
related to the specific method of testing. Results indicated side differences in paresthesias to 
be common phenomenon in healthy adults. Stronger sensations on the dominant side 
observed in participants regardless their handedness (but more evident in right-sided 
persons) indicate possibility of the existence some structural/functional differences in 
peripheral nerves related to the laterality and therefore should be taken into consideration 
in neurophysiologic testing as a valuable information on the nervous system of the patient. 
Asymmetry of the neural system should be treated as a norm in human and this physiologic 
asymmetry may influence the result of each neurographic test- presented experiment on 
healthy young adults indicated a degree of side asymmetries very individual and 
multidimensional. So, asymmetry of neurography results not always must indicate the 
pathology or disease, but may be a reflection of the neural asymmetry resulting from 
experience. Careful screening of the handedness/footedness and a lifestyle model of each 
patient/participant before any neurophysiologic testing may help achieve the proper 
diagnosis. The explanation of the mechanism of stronger paresthesias on the dominant side 
observed during own experiments exceeds the frames of this article and it needs further 
research. It would be interesting, for example to find out if paresthesias in demyelinating 
diseases as SM are attached to the handedness/footedness of patients; it would throw a new 
light to the problem of both origin and treatment of such diseases. 
2.7 Conclusion 
Results confirmed the concept of neural asymmetry in human as a physiological process, as 
suggested previously (Tucker & Williamson, 1984). Neural side asymmetry in the H-reflex 
parameters is probably related to many factors and the laterality pattern in limbs seems to 
be one of them. Results suggested the laterality pattern in hand-foot combination as a factor 
influencing the neural plasticity by an afferent feedback. If the hand/foot functional 
dominance would be an effect of greater amount of experience (motor activity), it may be 
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assumed that this is the factor inducing the changes in neural networks on different stages 
of motor control by afferent feedback from all extremities. According to the neural plasticity 
concept the greater feedback from the dominant side could alter behavior by altering the 
pattern of neuronal activation in response to experience (Monfils et al. 2005). The main 
conclusion is that the laterality pattern may be a part of a very complicated feedback loop 
where the motor activity pattern in limbs induces the process of the neural adaptation in 
response to experience. In the effect both structural and functional changes occur in the 
motor cortex, what influence the functional organization of the motor control on all levels. 
This concept may be named the adaptation theory of the motor laterality. Asymmetrical 
paresthesias during electrophysiologic recordings may be treated as helpful indicators of 
neural asymmetry in human assuming that the laterality pattern in limbs (handendess and 
footedness) is a part of a very complicated afferent feedback system where the motor 
activity is involved in the process of the neural adaptation in response to experience. 
Asymmetry of motor and sensory reactions of the nervous system, including paresthesias in 
health and disease may be related to the asymmetry of neural functions in human and these 
physiologic asymmetries should be taken into consideration in neurophysiologic testing 
with the use of evoked potentials. If the concept of the neural plasticity related to learning 
and experience is the proper one, analysis of asymmetry of paresthesias during 
neurophysiologic testing and other medical procedures might be useful in diagnoses and 
treatment. They can be a reflection of the complex link between neural and behavioural 
lateralization in human. This concept needs to be verified on neurophysiologic and 
behavioral studies on populations with different laterality patterns in hand-foot 
combinations presenting various models of motor activity; in health and disease. 
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Sensations from various parts of the body are taken by the peripheral sensory nerves to the 
spinal cord. From spinal cord, the signals reach the brain with the help of the trigeminal 
nerve and brain stem. Hence, any problem in this pathway may result in paresthesia. 
Paresthesia is an abnormal condition which causes an individual to feel a sensation of 
burning, numbness, tingling, itching or prickling. It frequently happens in the extremities, 
but it can occur in other parts of the body as well. 
The purpose of this chapter is to review the causes of paresthesia from studies indexed in 
PubMed. We describe the underlying conditions that may cause paresthesia based on two 
subdivisions: Transient and Chronic Paresthesias. 
2. Causes of transient paresthesia 
This paresthesia subtype involves temporary numbness or tingling that disappears quickly 
as can occur from sitting with your legs crossed for a long time or sleeping on your arm in a 
bent position. This is a very common type of paresthesia. 
• Obdormition: Obdormition is a numbness caused by prolonged pressure on a nerve, 
such as when a leg falls asleep if the legs are crossed for a prolonged period. It 
disappears gradually as the pressure is relieved (1). 
• Whiplash: Paresthesias in the upper extremity may occur after whiplash injury (2), a 
type of cervical soft tissue injury (3). Pujol et al showed that 13% of patients with 
whiplash had associated paresthesias (4). Recovery usually arises within 6 months after 
injury (5). 
• Hyperventilation syndrome: Paresthesia constitutes 35% of presenting complaints in 
patients with hyperventilation syndrome (6) and may begin after as little as three-
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the alkaline shift produced selectively increases Na+ conductance and ectopic 
discharges in normal cutaneous afferent nerves can be induced (8). Other electrolytes, 
i.e. magnesium, potassium, chloride, phosphate and bicarbonate, also demonstrated 
significant changes in concentration (7).  
• Panic attack: Paresthesiae of the mouth, hands and feet are common, transient 
symptoms of the related conditions of hyperventilation syndrome and panic attacks. 
Ietsugu et al demonstrated that paresthesia can be used as a reliable indicator of severe 
panic attacks (9).  
• Transient ischemic attack (TIA): TIA may be manifested by paresthesias. Several 
reasons may cause TIA such as thrombosis, embolus, intravascular debris and blood 
vessels disruption. Perez et al. reported the initial manifestation of cardiac myxoma 
can be paresthesias caused by TIA (10). Post-ischemic paresthesia occurs when hyper 
polarization by the Na+/K+ pump is transiently halted by elevated extracellular K+. 
The electrochemical gradient for K+ is reversed and inward transport of K+ triggers 
regenerative depolarization (8). 
• Seizures: Paresthesia may happen during and after a partial seizure (11). Treatment of 
seizures with vagus nerve stimulation can also trigger paresthesias and is considered an 
adverse event associated with this treatment modality (12). 
• Dehydration: At around 5% to 6% cumulative water loss, paresthesia may occur. 
• Insufficient blood supply: Circulatory disorders could lead to transient or chronic 
paresthesia.  
Acute arterial occlusion by an embolism or in situ thrombosis is a dramatic event which 
produces severe ischemia of distal tissue. The warning signs are the 5 Ps: pallor, pain, 
pulselessness, paralysis and paresthesia. In such cases, emergent restoration of blood flow 
by surgery may be vital to prevent limb loss (13). Aneurysms and dilated forms of 
atherosclerosis can be both the cause of in situ thrombosis as well as the source of an 
embolism (14).  
In Buerger's disease (thromboangiitis obliterans), an occlusive intraluminal thrombus with a 
predominantly acute inflammatory infiltrate causes ischemic ulcers, claudication, 
paresthesia and pain at rest (15, 16). 
Raynaud's syndrome describes a condition characterized by the sensation of coldness, 
burning pain or numbness in the fingers or toes. This syndrome occurs when the blood 
vessels in the fingers or toes spasm, restricting the flow of blood. Some causative factors can 
activate Raynaud's syndrome including contact to cold and emotional stress (17, 18). 
• Apheresis: Because of improvements in technique and instrumentation used for 
apheresis, symptoms of mild ionized hypocalcemia, such as paresthesias or 
lightheadedness, are increasingly easily manageable and quickly reversible with flow-
rate adjustments. Puig et al. reported a 2.27 percent incidence of paresthesia in 
therapeutic apheresis (19). 
• Beta-alanine ingestion: Beta-alanine supplementation is used as a nutritional strategy to 
improve high-intensity anaerobic performance (20). Paresthesia may be observed if a 
single dose higher than 800 mg is ingested but is transient and abates as plasma 
concentration declines. This side effect can be prevented by using controlled release 
capsules and smaller dosing strategies (21).  
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3. Causes of chronic paresthesia 
Chronic paresthesia or intermittent paresthesia over a long period of time is generally a sign 
of neurological disease or traumatic nerve damage. Paresthesia usually arises from nerve 
damage due to infection, inflammation, trauma, or other abnormal process. Paresthesia is 
rarely due to life-threatening disorders, but it can occur as a result of stroke and tumors. 
Whereas paresthesia is a loss of sensation, paralysis usually involves both a loss of 
movement and sensation. 
• Nervous System Disorders 
Paresthesias are common manifestations of central and peripheral pathological processes 
and are due to ectopic impulse activity in cutaneous afferents or their central projections (8).  
• Central nervous system etiologies 
In the central nervous system, the most common etiologies of paresthesia include 
ischemia, compressive phenomena, infection, inflammation, and degenerative 
conditions (22). 
• Stroke: Paresthesia and sensory deficits are considered as signs of stroke (23). In 
unusual cases, mandibular or ear paresthesia may be the only presenting 
symptom of a cerebrovascular accident (24). A persistent unpleasant numbness 
after a cerebrovascular accident can result from central poststroke paresthesia (25).  
• Paresthesia may be caused by selective lacunar infarcts in the diencephalic and 
mesencephalic regions or in the diaschisis in the parietal cortex. Chang and 
Huang reported a patient who presented with unilateral paresthesia after acute 
isolated infarct of the splenium (26). Kim reported that paresthesia or pain 
occurred between 0 to 24 months after lenticulocapsular hemorrhage, more 
prominently in the leg than other body parts (27). In another case report, a 
thalamic lacunar infarct led to sudden isolated left-sided paresthesia involving 
the face, upper and lower limbs (28). Cheiro-oral syndrome is characterized by 
paresthesia and sensory impairment confined to the perioral region and 
ipsilateral fingers or hand, and arises from small stroke-related lesions to 
various sites between the medulla and cortex (29). 
• Intra-cerebral hemorrhage: Paresthesia is a symptom of acute intra-cerebral 
hematoma (30). Epidural or subdural hematoma or subarachnoid hemorrhage 
should be considered as part of the differential diagnosis for acute paresthesia 
and extremity weakness (31-33). Kishida et al. reported that a small hematoma 
localized in the ventroposterior lateral nucleus caused paresthesia limited to 
the forearm and the palm (34).  
• Brain tumor: A sudden numbness especially when accompanied by headache, 
nausea or vomiting, double vision, or weakness could suggest a possible brain 
tumor or metastasis (35). Cavernous angioma which typically presents with 
neurological deficits, low back pain and sciatica or as a subarachnoid 
hemorrhage could be a cause of paresthesia (36). A small round tumor of the 
somatosensory cortex may present with radicular hand pain and paresthesia 
(37). Trigeminal sensory neuropathy presents with anesthesia and paresthesia 
of the orofacial region may herald underlying malignancy (38). Syringomyelia, 
which is generally related to congenital malformations and tumors, may lead 
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• Head trauma: Brain injury patients report high rates of complaints generally 
recognized as being associated with neuropsychological impairment such as 
paresthesia (40). Trigeminal trophic syndrome is an unusual complication after 
peripheral or central damage to the trigeminal nerve, characterized by 
anesthesia, paresthesias, and ala nasi ulceration. It can be preceded by head 
trauma, iatrogenic injury or other causes (41, 42). 
• Encephalitis and meningitis: Brain inflammations may lead to paresthesia (43). 
Eosinophilic meningitis is typically induced by the nematode Angiostrongylus 
cantonensis and presents with headache, vomiting and fever, and may also 
induce paresthesia and neck stiffness (44). 
• Abscess: A primary brain abscess may begin with neurologic deficit such as 
paresthesia (45, 46).  
• Lumbar spinal stenosis: 70% of patients experience paresthesia which is 
exacerbated by extension, and improves with spinal flexion (47, 48). 
• Systemic lupus erythematosus: Systemic vasculitis may present with multiple 
neurologic and psychiatric symptoms due to involvement of the central and 
peripheral nervous systems. Painful paresthesias and weakness of the limbs 
have been reported in cases of systemic lupus erythematosus (49, 50).  
• Multiple sclerosis: One of the most common presenting symptoms in Multiple 
Sclerosis is paresthesia (51, 52). About 40% of the patients reported that such 
symptoms had an important adverse influence on daily activities. Painful 
paresthesia leads to avoidance of any triggering activities (53). 
• Transverse myelitis: Sensory impairment and paresthesia in the extremities are 
two common presentations of acute transverse myelitis (54-57). That is a 
relatively uncommon neurological disease in which affected patients exhibit 
acute dehabilitating symptoms associated with the loss of spinal cord segment 
function. 
• Spinal puncture: Paresthesia rarely occurs during spinal puncture or injection 
of local anesthetic for spinal anesthesia (58). A paresthesia may result from 
needle-to-nerve contact with a spinal nerve in the epidural space, or, with far 
lateral needle placement, such as during placement of a spinal needle into the 
intervertebral foramen (59). It seems that lateral decubitus position results in a 
higher incidence of paresthesiae than the sitting position (60). 
• Vitamin B12 deficiency: Neurological symptoms such as paresthesia are 
frequent in vitamin B12 deficiency (61, 62). However therapeutic response to 
vitamin B12 with resolution of associated symptoms is dramatic (63).  
• Peripheral nervous system etiologies (with or without pain) 
The most common source of paresthesia is peripheral neuropathy.  
Cutaneous afferents nerves are more volatile than motor axons, due to differences 
in their biophysical properties. These differences maybe include more persistent 
Na+ conductance and inward rectification on cutaneous afferents, properties which 
probably give greater protection from impulse-dependent conduction failure but 
produce a greater tendency for ectopic activity (8). 
• Entrapment neuropathies 
Numbness and paresthesia are two more common complaints in patients with 
peripheral neuropathies (64). 
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• Carpal tunnel syndrome: Carpal tunnel syndrome is the most common 
entrapment neuropathy caused by compression of the median nerve 
within the carpal tunnel. It is characterized by pain and paresthesia, with a 
usual night exacerbation and aggravation by activity along the distribution 
of the median nerve (65-67).  
• Lateral femoral cutaneous syndrome: Meralgia paresthetica is a rarely 
encountered sensory mononeuropathy characterized by paresthesia, pain 
or sensory impairment along the distribution of the lateral femoral 
cutaneous nerve (LFCN) caused by entrapment or compression of the 
nerve as it crosses the anterior superior iliac spine and runs beneath the 
inguinal ligament. Ultrasound-guided blockade of the LFCN is a safe and 
success technique to treat this condition (68, 69). 
• Isolated femoral neuropathy: This neuropathy occurs due to direct 
compression of the femoral nerve, indirect compression by the psoas 
muscle during pelvic surgery, direct ischemia of the nerve by clamping of 
the iliac artery during the vascular anastomosis or vessel dissection, or by 
postoperative hematoma in the retroperitoneum or psoas muscle. Isolated 
femoral neuropathy causes numbness and paresthesia located in the 
anteromedial part of the thigh (70).  
• Tarsal tunnel syndrome: Paresthesia in the foot is the most frequent 
symptom of tarsal tunnel syndrome and may have an arterial etiology (71). 
Kim and Childers suggested ultrasound-guided injection of 0.5% lidocaine 
to temporarily resolve the paresthesia as a diagnostic modality (72). 
• Sciatica: Sciatica is commonly due to a prolapsed intervertebral disc, although 
spinal canal stenosis, spondylolisthesis, piriformis syndrome, spinal tumours 
and other causes must be considered. Leg pain, paresthesia and weakness are 
the most bothersome symptoms in sciatica (73-75).  
• Disc herniation: Radicular compression by a disc herniation may lead to the 
radiating paresthesia into the extremities (76, 77) 
• Cervical spondylosis: Hand paresthesia is a frequent and early symptom found 
in patients either with cervical spondylosis or carpal tunnel syndrome (78). In 
cervical spondylosis, paresthesia is not commonly nocturnal, aggravated by 
hand activity, or associated with hand pain, in contrast to carpal tunnel 
syndrome (67). 
• Pressure palsy: Paresthesia may be a presenting complaint in pressure palsy 
(79). Hereditary neuropathy with liability to pressure palsies (HNPP) is an 
autosomal-dominant inherited disease clinically characterized by painless and 
episodic or recurrent neurological symptoms such as peripheral palsy or 
paresthesia, often preceded by minor trauma or toxic damage (80, 81). 
However, the presence of mild symptoms and the marked phenotypic 
variability of the disease result in underdiagnosis of HNPP (82). 
• Charcot-Marie-Tooth disease: Charcot-Marie-Tooth hereditary neuropathy 
refers to a group of disorders characterized by a chronic motor and sensory 
polyneuropathy (83). The affected individual typically has distal muscle 
weakness and atrophy often associated with mild to moderate sensory loss, 
depressed tendon reflexes, high-arched feet, severe cramps and painful 
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• Carpal tunnel syndrome: Carpal tunnel syndrome is the most common 
entrapment neuropathy caused by compression of the median nerve 
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refers to a group of disorders characterized by a chronic motor and sensory 
polyneuropathy (83). The affected individual typically has distal muscle 
weakness and atrophy often associated with mild to moderate sensory loss, 
depressed tendon reflexes, high-arched feet, severe cramps and painful 





• Amyloid neuropathy: In 1975, Kyle and Bayrd investigated 236 cases of 
amyloidosis and reported that paresthesia was one of the most common 
presenting symptoms besides fatigue, light-headedness and weight loss (85). 
Paresthesia may have a glove and stocking or even thoraco-abdominal 
distribtuion (86).  
• Repetitive motion or prolonged vibration: Nerve compression in repetitive 
motion disorders is being recognized with increasing frequency. The 
pathophysiology of chronic nerve compression spans a broad spectrum 
beginning with subperineurial edema and progressing to axonal degeneration. 
The changes seen depend on the amount and duration of the compressive 
forces and lead to pain, tingling, numbness and paresthesia (87). 
• Neuralgia: Neuralgia is a painful sensation in one or multiple nerve 
distribution which can be mild or severe, and acute or chronic. Many patients 
with neuropathic pain exhibit persistent or paroxysmal pain and paresthesias 
that are independent of any stimulus (88).  
• Removal of impacted mandibular third molars (M3s): Extraction of impacted 
M3s may cause temporary or permanent neurosensorial disturbances of the 
inferior alveolar and lingual nerves (89, 90). 
• Circulatory disorders (As mentioned before, insufficient blood supply could lead to 
transient or chronic paresthesia). 
• Thoracic outlet syndrome (TOS) 
• Arterial TOS. The symptoms of Arterial TOS include digital ischemia, claudication, 
pallor, coldness, paresthesia and pain in the hand but seldom in the shoulder or 
neck. These symptoms are the result of arterial emboli arising either from mural 
thrombus in a subclavian artery aneurysm or from a thrombus forming just distal 
to a focus of subclavian artery stenosis. 
• Venous TOS. Paresthesia in the fingers and hands is common in venous TOS and 
may be secondary to swelling in the hand rather than to nerve compression in the 
thoracic outlet area. 
• Neurogenic TOS. Pain, paresthesia, and weakness in the hand, arm, and shoulder, 
plus neck pain and occipital headaches are the classical symptoms of Neurogenic 
TOS. Raynaud’s phenomenon, hand coldness and color changes is also frequently 
seen in NTOS. It is the latter symptoms that can lead to an erroneous diagnosis of 
Arterial TOS (91).  
• Metabolic disorders  
• Diabetes: The most common causes of paresthesia in the United States are diabetes 
and alcoholism (22). Sensory nerve dysfunction is a progressive form of diabetic 
neuropathy, and is often accompanied by other microvascular complications. This 
complication is more common in middle aged and elderly men with type 2 diabetes 
mellitus (92).  
• Alcoholism: The most common complication of chronic alcohol intake is a toxic 
polyneuropathy. Nutritional deficiency as well as the direct neurotoxic effects of 
ethanol or its metabolites can cause alcoholic neuropathy (93). This neuropathy is 
manifested by distal sensory disturbances with pain and paresthesia in a glove and 
stocking pattern (94).  
• Hypoglycemia: Specific symptoms and signs may vary by age, the severity of the 
hypoglycemia and the speed of the decline in blood sugar. Paresthesia may be a 
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neuroglycopenic or adrenergic manifestations of hypoglycemia. Recurrent 
hypoglycemia which is commonly seen in patients with an insulinoma causes 
periodic weakness, vertigo and perioral paresthesia (95). 
• Hypothyroidism: Paresthesia is a more frequent clinical manifestation observed in 
hypothyroidism (96, 97). About 40% of hypothyroid patients have predominantly 
sensory signs of a sensorimotor axonal neuropathy early in the course of thyroid 
disease. It appears that the axonal myelin sheath begins to degenerate without 
sufficient thyroid hormone, and regeneration of damaged nerves also slows (98).  
• Hypoparathyroidism: Hypoparathyroidism is the most common cause of 
hypocalcemia. Acute hypocalcemia causes increased neuromuscular irritability 
which in milder forms lead to paresthesia and numbness of acral and perioral areas 
(99, 100). 
• Hyperaldosteronism: Most clinical effects of hyperaldoste-ronism result from 
hypokalemia, which increases neuromuscular irritability and produces weakness, 
paralysis, and paresthesia (101).  
• Menopause: One of the most common reported somatic symptoms is paresthesia in 
the extremities (102). Decreasing estrogen production causes decreased structural 
effectiveness of collagen and thinning of the skin. This leads to reduced blow flow 
to the superficial nerves and symptoms of numbness and tingling (103). 
• Abnormal blood levels of calcium, potassium or sodium (See Hyperventilation 
syndrome in Causes of transient paresthesia)  
• Uremia: Polyneuropathy is one of the most frequent manifestations in chronic 
uremia. Hemodialyzed uremic patients have been found to have vitamin B6 
deficiency which may lead to paresthesia (104). Uremia can also cause restless legs 
syndrome which is clinically defined as an urge to move the legs with or without 
associated paresthesia (105).  
• Porphyria: The most common symptoms of porphyria are abdominal pain, 
peripheral polyneuropathy, flaccid paresis, with or without autonomic 
involvement (106). Nerve biopsy shows segmental demyelination and axonal 
degeneration and also many small vacuolations are seen in the cell body of affected 
nerves (107). 
• Amyloidosis (See Amyloid neuropathy in Peripheral nervous system etiologies) 
• Infections and post-infection syndromes  
• Herpes simplex virus: Herpetic infection causes paresthesia. Immunohistochemical 
studies suggest that sensory ganglion infection occurs via centripetal axonal 
migration of the virus (108). Topical caffeine can inhibit this paresthesia through 
direct action on sensory neurons (109). 
• Herpes zoster virus: Primary infection by varicella-zoster virus (VZV) may be 
associated with several neurologic complications such as paresthesia (110, 111). 
VZV remains dormant in dorsal root and cranial nerve ganglia and can be 
reactivated as a consequence of declining VZV-specific cellular immunity leading 
to herpes zoster (shingles) (112). Following reactivation, centrifugal migration of 
herpes zoster virus occurs along sensory nerves to produce a characteristic painful 
cutaneous or mucocutaneous vesicular eruption that is generally limited to the 
affected dermatome (113). The commonest prodromes are pain, itching and 
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• Canker sores: Canker sores or apthous ulcers are painful and round white sores 
with a red border that occur inside the mouth. There is a tingling or burning 
sensation prior to the appearance of the sores. They are associated with various 
nutritional and immunological deficiencies. However, they are more common in 
individuals with acute HIV infection (117, 118).  
• Lyme disease: Lyme disease, caused by the tick-borne spirochete Borrelia 
burgdorferi, is associated with a wide variety of neurologic manifestations. 
Neuropathic symptoms such as symmetric, distal and nonpainful paresthesia, and 
asymmetric radicular pain begin 8 months after erythema migrans occurs and are 
present for up to 12 months (119, 120) 
• Human Immunodeficiency Virus type-1 (HIV-1): Peripheral neuropathies 
commonly complicate all stages of the HIV-1 disease. Whereas symptomatic 
neuropathies occur in approximately 10% to 15% of HIV-1-infected patients overall, 
pathologic evidence of peripheral nerve involvement is present in virtually all end-
stage AIDS patients. The dominant clinical features in distal sensory 
polyneuropathy which is the most common among the HIV-1-associated 
neuropathies include distal pain, paresthesia and numbness in a typical length-
dependent fashion with a proximal to distal gradient (121, 122). 
• Leprosy: Leprosy is a slowly progressive, chronic infectious disease caused by the 
bacillus Mycobacterium leprae. The skin and peripheral nerves are the most 
commonly affected organs (123). Predominant presenting symptoms are 
paresthesia, pain and sensory/motor deficit (124). 
• Syphilis: Neurosyphilis may cause paresthesia (125, 126). Paresthesia can be due to 
spinal myelitis caused by neurosyphilis (127).  
• Guillain-Barré syndrome (GBS): GBS is an acute, symmetrical polyneuropathy with 
distinctive features. The early clinical course involves painful paresthesia that is 
usually followed by proximal motor weakness (128). Some infectious pathogens 
may play a role in the pathogenesis of GBS (129). 
• Rabies: Rabies, which is an acute, progressive, fatal zoonotic infectious disease, is 
almost always caused by the bite of rabid animals (130, 131). The rabies virus 
travels to the brain by following the peripheral nerves. Once the rabies virus 
reaches the central nervous system and symptoms begin to show, the infection is 
effectively untreatable and usually fatal within days. Early-stage symptoms of 
rabies are malaise, headache and fever, progressing to acute pain, paresthesia, 
violent movements and hydrophobia (132). 
• Autoimmune diseases 
• Rheumatoid arthritis: Dry mouth, pruritus and paresthesia are frequent complaints 
in patients with rheumatoid arthritis (133). Rheumatoid cervical myelopathy causes 
paresthesia in the arms and neck pain (134).  
• Systemic lupus erythematosus (See Systemic lupus erythematosus in Central nervous 
system etiologies) 
• Sjogren's syndrome: Peripheral neuropathy occurs in Sjogren's syndrome. The 
history often reveals complaints of burning, tingling paresthesias in a symmetrical 
stocking or glove distribution or in the face (Trigeminal Nerve) area (135-137). 
• Pernicious anemia (See Vitamin B12 deficiency in Central nervous system etiologies) 
• Diabetes (See Diabetes in Methabolic disorders)  
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• Arthritis: The involvement of the cervical spine is the most serious skeletal 
manifestation of rheumatoid arthritis. In patients with basilar impression 
and/or rheumatoid cervical myelopathy, paresthesia in the upper limbs was 
significantly more common (134, 138). Paresthesia can occur in psoriatic 
arthritis (139). 
• Fibromyalgia: Fibromyalgia is a frequent disorder of the middle aged, 
particularly in women characterized by chronic, diffuse musculoskeletal pain 
and by a low pain threshold at specific anatomical points (tender points) (140). 
Cacace et al. found that paresthesia had the highest frequency among 
associated clinical distress in fibromyalgia (141). 
• Nutrient deficiency 
• Vitamin B1: Thiamine (vitamin B1) deficiency leads to Beri-Beri which takes two 
forms. Dry beri-beri has symptoms of peripheral neuropathy with ataxia, 
weakness, paresthesia, and patchy sensory loss with areflexia (142). 
• Vitamin B5: It seems that pantothenic acid (vitamin B5) can cause sensory 
polyneuropathy (143). 
• Vitamin B6: The symptoms related to pyridoxine (vitamin B6) deficiency are 
peripheral neuropathies, such as paresthesia and burning dysesthesias (104).  
• Vitamin B12 (See Vitamin B12 deficiency in Central nervous system etiologies) 
• Malignancies: Local paresthesia can be caused by a malignancy which puts 
pressure on adjacent nerves. For example a reported osteosarcoma in the left 
segment of the maxilla led to swelling and paresthesia in the left cheek (144), 
and periorbital paresthesia is usually a sign of malignancy (145). Multiple 
myeloma with extraosseous lesions may result in paresthesia of soft tissue 
(146). On the other hand the association between polyneuropathy and multiple 
myeloma as the result of various clinical variants should be considered (147). 
POEMS syndrome which is identified as Polyneuropathy, Organomegaly, 
Endocrinopathy, Monoclonal Gammopathy and Skin changes, presents with 
abdominal distension, progressive paresthesia and motor weakness of both 
lower extremities (148). 
• Skin disorders 
• Burns: Studies of patients recovering from significant burns show that abnormal 
sensations such as paresthesia are frequently reported as long as several years after 
the injury (149, 150). Furthermore long-term paresthesia is a complication reported 
after electrical burns (151, 152). 
• Frostbite: Frostbite injuries occur mainly in the toes, fingers, ears, nose and cheek. 
Typically an initial vasoconstriction in the skin will protect against drop in core 
temperature. Ice crystal development occurs when tissue temperature drops to -2° 
C, leading to increased osmolality of the extracellular fluid and intracellular 
dehydration. White-cyanotic discoloration, pain and paresthesia followed by 
hypoesthesia are the symptoms of frostbite injury (153). 
• Ito syndrome: Hypomelanosis of Ito is a rare neurocutaneous disorder. It is 
characterized by depigmented skin areas often associated with ocular, 
musculoskeletal and neurological abnormalities (154).  
• Pink disease: Acrodynia (pink disease) occurs in children exposed to mercury for 
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irritable. Their blood pressure and heart rate increase. Significant pain occurs in the 
hands and feet preventing sleep. Finally the hands and feet will swell and become 
paresthetic, becoming a dusky pink color along with a similar process which occurs 
in the nose (156). 
• Acroparesthesia: Postmenopausal women may experience acroparesthesia. 
Hormone therapy can increase forearm/hand blood flow, and help ameliorate 
these symptoms (157). 
• Migraine: The somatosensory aura of a migraine may consist of digitolingual 
or cheiro-oral paresthesias. The paresthesia may migrate up the arm and then 
extend to involve the face, lips and tongue (158).  
• Psychological disorders: Anxiety, panic attack and psychiatric diseases may 
cause hyperventilation which can lead to paresthesia (6). Paresthesia also can 
be a manifestation of depression (159).  
• Medications: Paresthesia can be a side effect of some medications such as anti-
convulsant drugs, topiramate, amiodarone, digoxin, dimercaprol, 
colistimethate, mefloquine, metronidazole, HIV medications, riluzole, 
tetrodotoxin, thallium, vincristine, diphenoxylate, overdose of lidocain or 
vitamin B6 (1). Sertraline can induce facial paresthesia (160). SSRI withdrawal 
may cause paresthesia. The neurotoxicity of immuno-suppressive agents (e.g. 
calcineurin-inhibitors) may cause mild symptoms, such as tremors and 
paresthesia (161). Motexafin lutetium which is used in the treatment of 
coronary atherosclerosis or vulnerable plaque can cause the paresthesia (23).  
• Toxins 
• Alcohol (See Alcoholism in Metabolic disorders)  
• Tobacco: Smoking is a strong risk factor for arteriosclerosis and Buerger's disease 
which can cause sensitive axonal polyneuropathy (15, 162). 
• Drug abuse: Intravenous administrating of strong pharmaceutical drugs acting on 
the central nervous system, mainly opioids especially in non-medical use (drug 
abuse) can lead to neurological manifestations such as paresthesia (1).  
• Heavy metals  
• Mercury: toxicity from organic mercurials includes neurologic decompensation 
with mental deterioration, ataxia, spasms, paresthesia, deafness, and 
eventually coma (156).  
• Arsenic: Neurological and neurophysiological studies indicate that the 
functions of the central and peripheral nervous system may be impaired under 
conditions of exposure to arsenic (163). 
• Lead: The prominent findings among the lead-exposed workers are fatigue, 
abdominal discomfort, backache, myalgia and paresthesia (164). 
• Nitrous oxide: Exposure to nitrous oxide may damage the nervous system which 
can lead to ascending paresthesia of the limbs, severe ataxia of gait, tactile sensory 
loss on the limbs and trunk, and absent tendon reflexes (165, 166).  
• Carbon monoxide: Paresthesia, emesis, diarrhea, unilateral headache, palpitation or 
death are non-specific but common symptoms of carbon monoxide poisoning (167). 
• Snake bites: Some venom contains toxins which attack the nervous system, causing 
neurotoxicity. The victim may present with strange disturbances to their vision, 
paresthesia, difficulty speaking and respiratory paralysis (168). 
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• Ciguatera: Ciguatera is the most frequently observed form of tropical fish 
poisoning. It blocks the sodium channel leading to slowed nerve conduction and 
causes the peripheral and central nervous system symptoms such as facial 
paresthesia, myalgia, cramps and weakness. Ciguatera poisoning leads to the 
gastrointestinal and cardiovascular disturbances too (169, 170). 
• Radiation exposure: Chronic progressive radiation myelopathy develops with a 
latency of several months to years after spinal cord irradiation. The symptoms 
are paresthesia, paresis or paralysis, leading to severe physical disability (171). 
• Chemotherapy: Intrathecal injections of cytarabine and methotrexate can lead 
to paresthesias and weakness causing patient to be wheelchair bound (172).  
• Hereditary diseases 
• Fabry disease: Fabry syndrome is a genetic disease related to changes on the X 
chromosome. It is caused by deficient activity of alpha-galactosidase A and is 
characterized by intralysosomal storage of glycosphingolipids. The main clinical 
features are paresthesia, hypohidrosis, angiokeratoma, renal insufficiency, and 
cardiovascular or cerebral complications (173, 174).  
• Refsum syndrome: Refsum's disease is an autosomal recessive disorder with 
clinical features that include retinitis pigmentosa, blindness, anosmia, deafness, 
sensory neuropathy, ataxia and accumulation of phytanic acid in plasma- and 
lipid-containing tissues (175). 
• Charcot-Marie-Tooth disease (See Charcot-Marie-Tooth disease in Peripheral nervous 
system etiologies) 
• Porphyria (See Porphyria in Metabolic disorders)  
• Ataxia-teleangiectasia: Ataxia-telangiectasia is a progressive neurodegenerative 
disorder, with onset in early childhood. It is an autosomal recessive disorder that 
includes progressive cerebellar ataxia, dysarthric speech, oculomotor apraxia, 
choreoathetosis and, later, oculocutaneous telangiectasia (176, 177).  
• Immune deficiency: The immune response dysfunction induced by the human 
immunodeficiency virus infection sometimes causes inflammatory lesions of 
the central and peripheral nervous system leading to neurological symptoms 
such as paresthesia (178). 
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